Thermal expansion of rare earth metals by Barson, Fred
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1956
Thermal expansion of rare earth metals
Fred Barson
Iowa State College
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Atomic, Molecular and Optical Physics Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Barson, Fred, "Thermal expansion of rare earth metals " (1956). Retrospective Theses and Dissertations. 12926.
https://lib.dr.iastate.edu/rtd/12926
INFORMATION TO USERS 
This manuscript has been reproduced from the microfilm master. UMI films 
the text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any type of 
computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality illustrations 
and photographs, print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and continuing 
from left to right in equal sections with small overiaps. 
ProQuest Information and Learning 
300 North Zeeb Road, Ann Arbor. Ml 48106-1346 USA 
800-521-0600 

NOTE TO USERS 
This reproduction is the best copy available. 
UMI 

THEfiMAL iJCPANSION OP 
HARE EARTH METALS 
by 
Fred Barson 
A Dissertation Submitted to the 
Graduate I'aculty in Partial i'^uirilL-nent of 
The Requirements for the Degree of 
DOCTOR 0? PHILOSOPHY 
Major Subject; Physics 
Approved: 
• • 
• • 
•  •  •  
•« •  
In Charge of Hajc^ Work 
ead of Major Depilrtment 
Dean of Graduate College 
••• V*. 
Iowa State College 
1956 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
UMI Number: DP11988 
@ 
UMI 
UMI MicrotormDP11988 
Copyright 2005 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. 60x1346 
Ann Arbor. Ml 48106-1346 
il 
o• TABLE OF CONTENTS 
Pa£:e 
INTRODUCTION 1 
Purpose of Investigation 1 
Comments on Thermal Expansion 2 
REVIEW Oi-' LITERATURE 5 
Dilatometric Methods $ 
Properties of Rare Earth Metals 10 
Lanthaniun 10 
Cerium 13 
Praseodymium 16 
Neodymium l7 
Gadolinium 19 
Terbium 21 
Dysprosium 22 
Erblvim 23 
Ytterbium 2l\. 
APPARATUS 26 
Description of Coraponeiits 26 
San^le Holder and Interferometer 26 
Inert Atmosphere 31 
Thermometer 32 
Recorder System 3^-
r^urnaee Control 1^0 
Evaluation of Performance il3 
Trial Measurement of Copper It3 
Estimate of Accuracy li? 
MATERIALS TESTED 50 
Preparation 5o 
Pvirity 51 
RESUT.TS 55 
Lanthaniun 55 
Cerixua 60 
Praseodymium 63 
Neodymium 66 
Gadollnlvun 69 
Terbium 70 
Dysprosium 714. 
TI^/Z3 
ill 
TABLE Ox'^' CONTENTS (continued) 
Page 
Erbium 77 
Ytterblvun 8l 
DISCUSSION 85 
High Ten^jerature Creep 85 
Expansion and the Curie Point 85 
The Griinelsen Constant 90 
Expansion and the Melting Point 92 
SUMMARY 911-
LITERATURE CITED 97 
ACKNOWLEDGMENTS 102 
APPENDIX: EXPANSION DATA 103 
1 
INTRODUCTION 
pxirpose of the Investigation 
In recent years rare earth metals have beooine available 
In good purity and In sufficient quantity to make possible 
fairly reliable measurements of their Intrinsic properties# 
There is some evidence that even slight amounts of inqpuritles 
may cause serious changes in their physical properties, so 
that the development of efficient methods for the separation 
and reduction of these metals has been a necessary first 
step* 
These elements are of particular interest, in the long-
range view, in that their electronic configurations vary from 
one metal to the other in most cases only by the number of 
electrons in the l^f shell. Hence, the hope is that a study 
of the properties of these metals, as a group, and of the 
differences between their properties might supply information 
leading to a better vmderstanding of metals in terms of their 
electronic structiu^es. 
Prom a more immediate viewpoint, the present investi­
gation was concerned with detecting solid state transforma­
tions of these metals, as well as determining quantitative 
values for their thermal expansion* Properly conducted, 
dilatometric measurements offer a very sensitive method of 
detecting transitions and are recognised as ono of the prin­
cipal tools in the investigation of metals. Since such 
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measurements can be made at very slow rates ol' warrain£; and 
coolln,r;, they 'aay disclose certain sluggish or very slight 
effects not readily foxind by some other means such as ther­
mal analysis. 
It was also hoped, in particular, to clarify certain 
high temperature transitions which had already bncn detected 
in several of these metals: lanthanum, cerium, praseodymium, 
neodymiun, and ytterbium. Large effects in the electrical 
resistivity neasurcmonts and thermal analyses had di: .closed 
these transformations, but an attempt to determine the crys­
tal structure of the high ten5)eratT«*e form failed due to the 
extrernely diffuse nature of tho X-ray diffraction patterns. 
It was believed that a dilatometric study might cast acme 
light on these effects, 
rfJnce the rare earth metals aro very reactive chemi­
cally at high ten5)erat;u»es, and since their thermal expan­
sions turn out to be rather small compared to those of other 
metals, a sensitive and somewhat specialized dilatometer was 
required. An appreciable part of the present work was the 
design of a suitable piece of equipment, which will be de­
scribed in some detail. 
Comments on Thermal Expansion 
The coefficient of linear expansion of a substance is 
defined as its change in length, per unit length, per unit 
change in tenqjerature. Symbolically, this is written 
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1 dL 
® ® L dt 
Since for moat metals a is on the order or 10"^ •C*^, the 
length does not change greatly even for rather large tem­
perature Intervals* Hence it is common to re-define the co­
efficient as 
1 ^  
° Lo dt 
where LQ is the length at room temperature or at some other 
convenient temperat\ire such as 0®C« This new definition 
does not make an appreciable change in the value of a and 
simplifies the calculations considerably* 
There have been several relationships observed between 
the thermal expansion of a substance and its other physical 
properties* Of these, the most famous is undoubtedly the 
relationship derived by Grimelsen and bearing his name (1): 
Cyk 
where Cy is the specific heat at the constant volume V of 
the substance, k is its conqpresiilbility, and ^  is a pure 
nxxmber, called the (iruneisen constant, which is usually be­
tween 1*5 and 2,S for a metal* The quantity 3a should more 
properly be replaced by the coei'i'iciont of cubical (or vol­
ume) expansion; however, for an isotropic substance the 
volume coefficient is readily shown to be equal to three 
times the linear expansion coefficient* 
Several authors have derived empirical relationships 
involving the thermal expansion of a metal and its molting 
point. In general the lower meltlnij metals have ^^reater ex­
pansion coofficlents, as if a certain percentage expansion 
brings about tho weakening of bonds aasooiatod with <neltlng» 
In particular, Bonfiglioli and Montalenti (2) pointed out 
that for metals of a certain crystalline form the product 
of the thermal expansion and the melting point temperature 
tended to be a constant which was somewhat different from 
the similar constant for other crystal classes. Althoui;h 
there was some deviation from this grouping and some over­
lapping of croups, it may be of interest to compare values 
obtained for the rare earth metals with the constants so ob­
tained for other metals. One would also be interested in 
testing the applicability of Grilneisen's law to the physical 
constants of this group of elements, wherever the required 
constants have been determined. 
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REVIEW Oi-' LITERATURE 
Dllatometrlo Methods 
Since the literature on dilatometry has become volumi­
nous, the reader is rei'erred to a review article by iiidnert 
and Souder (3) for a summary oI' the types oi* dilatometers 
commonly used and Tor an extensive list ox" rorerences. It 
might be well to describe some of these dilatometers here, 
however, in order to conqpare them to the apparatus used in 
the present investigation and to give so-ne reeling; i'oi* the 
experimental diiTicultiea involved. The rollowiii^ has been 
extracted largely from the review article mentioned above# 
Briefly, the difficulties in dilatometric work ore of 
two types: first, that the efi'ect to be measured is very 
small, the change in length corresponding to a te;)jperature 
change of one degree bein<; only about 0.002 per cent; and 
second, that sample holders and detecting equipment also 
have expansions which must be either eliminated from the 
measurements somehow, or allowed for in the calculations* 
The so-called precision micrometrlc method is said to 
be the most precise known means ox* measuring thermal expan­
sion. In this apparatus the position of the ends of the 
sample is indicated by fine wires, weighted and han^intj from 
the ends of the sample. Two micrometer microscopes, mounted 
on a comparator and separated by a distance approximately 
equal to the sample length, indicate ohan>ges in the sanple 
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length by recording chani^es in the poaitlons of the vertical 
wires han^iinp; from the txaraple. Tlrie sample can be heated in 
a furnace to hi^jh temperatures, or cooled below room tem­
perature in liquid baths. This method has the advantai^e of 
beittj^ an absolute tneasiirouent; that is, the chant;:,ea in len^jth 
are determined directly, with no corrections I'or the sample 
holder, etc., bein^j, required, .^'or best results, however, 
this equipment requires relatively lon^j samples, up to as 
much as 50cm in length. Samples as short as lOcm may be used, 
but with a corrfispondin£; decrease in sensitivity. 
The ^'izeau-Pulfrich interrerometric dilatometor employs 
two transparent fused silica (quartz) optical flats which 
are separated by a small sample in the shape of a ring or a 
tripod. The sample dimensions are adjusted so as to place 
the optically flat surfaces at a very slight angle to each 
other, about 20' of arc. Illximination of these flats with 
monochromatic light produces Interference frin^jes which move 
across the field of view as the distance between the optical 
flats chances. Since this distance is exactly the sample 
length, the method permits a sensitive determination of the 
thermal expansion of the san5)le slngjly by countini_: the num­
ber of fringes passing a fixed point during a measured tem­
perature interval. To eliminate the need for constant obser­
vation of the fringes, methods have been developed to record 
their passage photographically or by means of a photo-tube 
and counter. The Plzeau-Pulfrlch method Is particularly 
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usei'ul when only araall lonj^bhs ox' .iiaboi'lttl are avulluble, 
aach as single crystals. Jonversely, It haa the disaclvantutio 
that only very ST^all sa:nplc3 can be used, Tor ii' the aaraple 
length exceeds about Icm, aatlsractory iriterrei'enco x'rint^es 
cannot be produced. 'Hhe .iioasorc.nent Is, however, an absolute 
one once again. 
A thli'd type oi' dilatonieter is fcae xused-quartz tube 
and dial-indicator apparatus. In this case, a 2ocni aarnple is 
placed in a fused-quartz (silica) tuba which has been sealed 
at the bottom. A uovable i'usea-quartz rod, reati.-ii^ upon the 
sample, transi^ita the Motion due to tne expansion or tab sam­
ple to a dial-indicator ti,aut,e at the open to^ oi' the tube. 
This t.ietiiod is zaot absolute, since the readinoS oi' the aial-
indicator resistor the di-'i'ei-cntlal expunsioa Oi.' i-ac sa;iiple 
relative to an equal lon^th oi" i'used quarts. A a.n&il cor­
rection mat be added to account i'oi* this, as described, 
this rTDtiiod requiros relatively lont: sauiples and is capable 
or an accurao;^ of about 2 per gent in the optiiaura case* 
The autot;raphic optical-lever method etaploys a mirror 
supported by a tripod, one le^, oi" which is i'used silica, one 
leg the sample itself, and one Icjj a Chromel A rod# The 
fused silica rod, wich its very small expansion, acts as a 
"fixed point" to support one corner of the inirror in a prac­
tically stationary position. The rod of Jioromel A, which 
has an expansion practically linear witii te.-aperature, tilts 
the mirror through an an^le proportional to the temperature 
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at any time, Expansion of the samplo, which supports the 
mirror at a third point, tilts the mirror through a second 
angle vxhioh is proportional to the chr.n^ro in sample length. 
These thror lors are arrant*ed so tlu.t tlie tiltli;, dao to the 
sanpl© expansion will be at rlfjht ang les to that due to the 
Chroncl. A spot of light focused on the mirror and reflected 
to a claims screen indicatess, thus, the expansion of both the 
niiromel and the sanplc and describes a curve as the tonpera-
ture changes. The ordinate of this curve represents the ex­
pansion of the sample, and the abscissa the expansion of the 
Hhronel, or the temperat^irc. If a photographic plate is cub-
stftuted for the glass screen, an expansion curve can be 
plotted directly. This method is not an absolute one, and 
is onl7 so-ne 3 to 5 per cent acciirate. However, it is fast 
and av.toTn"-tic and leaves a permanent and continuous record. 
Electronic methods of recording chantjes in length have 
also been developed. In these, the sample is arranged so 
that its expansion moves one plate of a capacitor, thus vary­
ing the s.^rles grid capacitance of an oscillator circuit. 
Alternatively, the iron core of a small transformer may be 
moved by the expansion of the aa-nple, chanGiiXe; the output 
voltage markedly vhlle the input voltare Is kept constant. 
Either of these methods can be made extremely sensitive elec­
tronically, but still suffer the same disadvanta^je of other 
equipment: namely that either the motion of the expansion 
must be transmitted by some mechanical device to the 
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transformer or capacitor, or that these detoctiriL devices 
must be placed within the i'urnace or crjioatat where tneir own 
expansion nay aTfect the results* Tlese devices are, thus, 
not absolute, but are capable of hi[',h sensitivity if properly 
calibrated. 
The thermal expansion of crystals, including: metals, of 
course, can also be inferred from X-ray orystalloi/raphic mea­
surements by determining the change in the lattice parameters 
at different temperatui'es. Due to the small value of the 
thermal expansion, extremely accurate lattice parameters must 
be obtained, and the method la not very sensitive except 
where large temperature changes are involved. The advantages 
are the facts that extremely srnall samples may be used, and, 
even more Important, that any anisotropy In the expansion of 
the crystal becomes innedlately evident. 
r'inally, by determining: the density of a sample at dif­
ferent temperatures, one may calculate its cubical expansion. 
The densities may be fovind by wel^-hlng the sample at differ­
ent temperatures In air and in a liquid »^ose density is well 
known over the temperature ran^e of Interest. Small, 
Irregularly-shaped samples may be used in this way, but the 
method Is obviously limited by the availability of a suitable 
liquid. 
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Properties of Rare Earth Metals 
In reviewing the literature on the rare earth metals, 
there has onee more been the necessity oi' abbreviating some­
what In order to keep the review of a reasonable length. In 
general, an effort has been made to Include comments directly 
connected with phase transitions or other unusual behavior 
In the properties of these metals, with emphasis being placed 
on data in the high ten^erature region in particular. The 
crystal structures of each is included in the description of 
the metals, and some mention made of particularly unusual or 
interesting properties in the low temperature region. 
Lanthanum 
A review of the findings of many investigators on the 
crystal structure of lanthanum has been given by Herrmann 
(U., p.l3). Several found the room temperature form to be 
hexagonal close-paoked, while several others found only face-
centered cubic. Annealing above 350®C seemed to favor for­
mation of the cubic form. Uerrmann (1;, p.l;?) reported the 
room temperature form of lantnanuro as hexagonal close-packed, 
but with the Oq dimension twice that foxmd by others, that 
Is, with a stacking sequence ABAC... rather than the usual 
ABAB.... 
The melting point of lanthanum was given as 915®C by 
Vogel and Heumann (5)» who also reported a solid state trans­
formation at about 830^0. Massenhausen (6), employing therm­
al analysis on a slightly Injure sample of lanthanum, gave 
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the itieltint; point aa G63*C, but si-nii'icaxitly also round a 
second thermal arrest at 812®C. More recently, Vogel and 
Klose (7) found the melting; point of a 97 per cent lantiiunura 
sample at 865®^, with a transformation at 775*C, and a sec­
ond, presumably the hexagonal close-packed to face-centered 
cubic transition, at 300® - 350®C. Spedding and Daane (8) 
reported the melting point to be 920®C, and the ten^jerutvire 
of the solid state transformation to be 868®C» 
Tyio electrical resistivity of lanthanum at low tempera­
tures was studied by many investigators, since this metal was 
found to become superconducting below about 5®K (9, 10). 
Data on the reaistivity in the higher temperature region, 
however, are more pertinent here, Jaeger, Bottema, and Rosen-
bohm (11), using 98.8 per cent lanthanum with 1 per ccnt iron 
as an impurity, found anomalies Indicated by their resistivi­
ty date at li20* - 1436®C, 560®C, and 709® - 7l^®C* These in­
vestigators also found specific heat anomalies at 5^8®'^* 
655*C, and 709®C, and concluded that this metal consisted, 
at any temperature, of a mljitxire of at least two of four pos­
sible allotroplc phases* Herrmann (1;, p.l20), who measured 
the electrical resistivity at high temperatures of a sample 
of quite pure lanthanum, found a considerable anomaly at 
860® - 868®C» Apparently corresponding to the hii;h tempera­
ture transformation found by thermal analyses, this anomaly 
consisted of a sudden change In the resistivity by some 10 
per cent of Its value at those temperatures, the higher 
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temperatiire Torm having the greater resistivity. A second 
anomaly, found by the saiao author, appeared as a hysteresis 
loop in the resistivity-temperature ourve between 3oO®G and 
l^^O^O. This eiTect was larger in the warnilni; direction than 
in coolinti, £Lnd became pro£;reaslvely less pronounced with re­
peated cycling. 
Previous dllatonietrle work was done by Tro.ibe and r'oex 
(12) on a 99.2 per cent lanthanum rod. Their apparatus con­
sisted of a micro-Chevenard dllatometer, an optical-lever 
type. The coelTlclent oi" linear expansion was reported as 
2 X 10"^ at -195®C, x 10'^ ®c"^ at room temperature, 
and over 7 x 10"^ ®c"^ at U25*C. Above 650®C, some softening 
of the sample occurred, so that the run could not be con­
tinued higher. A transition, with hysteresis, was noted be­
tween 150®C (on cooling) and 350®C (on warming). The higher 
temperaturo form was slightly more dense. Its formation beln^ 
marked by a decrease In volume of 0.19 per cent. Barson, 
Le^vold, and Speddlng (13) performed measurements of the ex­
pansion of lanthanum at low temperatures and found the ex­
pansion coefficient to increase smoothly from l\. x 10"^ ®c"^ 
at -17^®C to 5 * 10"^ ®c"^ at room temperature. 
Brldgman (llv) measured the voltime compressibility of 
lanthanvun at room tenderature and found an abrupt volume de­
crease of 0.26 per cent at a pressure of 23,370 kg/cm^. The 
same investigator found a cusp in the electrical resistivity 
at about this pressure (15), the more dense form havln^i the 
lower resistivity. 
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Cerl\im 
Horriiann's resume oi" cryatali0t:;raphi0 work on cerl\im 
motal (Li, p«l3} Indicates that the stable Torm at room tem­
perature la face-centered cubic, althouijh some authors have 
reported a jnlxture of hexagonal cloao-packed cerium alon^ 
with this i'orrn. Under 15,000 atmospheres of pressure, still 
another nfiodirication appeared. Lav;3on and Ton- (16) deter­
mined this to be face-centereJ cubic still, but with a re­
duced lattice parameter corresponding, to a volume decrease 
of over 16 per cent from tho normal form. Schuch and Stur-
dlvant (17) showed that this condensed form could also be 
obtained by coolinc the cerium to low ten^jeratures, their 
X-ray crystallographlo study being made at -195*0. At a 
a\ig -estlon from Linus Pauling, these authors attributed the 
transition to the passage of a l|f electron to a 5d state. 
Studies of cerltun In the low temperature rango indica­
ted that the transition Involves a hysteresis over a con­
siderable temperature Interval, and is accompanied by lar^^e 
chances In other physical properties. 
Owen (16), for example, found a sudden decrease in the 
masnetic susceptibility below about -110®C. Trombe (19) ob­
served the hysteresis of this phenomenon, the change in sus­
ceptibility occurring at -153®C on cooling and at about 
-106"C on warming. La Blonchetals (20) confirmed these re­
sults on cerium containing only 0.005 per cent iron, showine 
that the phenomenon was apparently not connected with the 
presence of ferromagnetic material in the sample. 
ih 
A hysteresis loop similar to that described above was 
found in the electrical resistivity curve i'or cerium as re­
por t e d  b y  .' o o x  ( 2 1 )  a n d  b-;  J a m e s ,  L e ^ j v o l d ,  i m d  S p e d d l n ^ ^ ^  ( 2 2 ) »  
The Hall efi'ect, as reported by Kovane, Loi^vold, and Sped-
dinc. (23), showed a similar effect, as did the ato.nic heat 
determinations of Parkinson, Simon, and Spodding, (2)].). 
The dilatometric study of cerium by Trombo and i'oex (12) 
showed a con^jlex behaviour too. p'or metal which was quenched 
from hi^h temperatures to room temperatioro, the low tempera­
ture study showed a 10 per cent volume contraction with the 
familiar hysteresis corresponding to the face-centered cubic 
to condensed face-centered cubic transition. On the other 
hand, a slow coolins cycle from high temperatures to low 
temperatures and returning not only failed to produce the 
strong contraction at low temperatures, but actually de­
creased by 0.7 per cent the room teTi^jerature density of the 
sample after cycling. The X'orm of cerium metal so resulting 
was called by Trombe and I'oex the P -state and apparently 
corresponds to the hexagonal close-packed form. The P -state 
and the a-state (their notation for the condensed face-
centered cubic) were found unable to transform from one to 
the other at low temperatures, but either could be formed by 
proper cooling from the V-state (normal face-centered cubic) 
at elevated ten^eratures* The coefficient of expnjnsion was 
described as being essentially the same as that of lanthanum, 
outside of the regions of tpansformatlon. 
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Cerium also exhibits anomalous behaviour in the hiiih 
temperature region, with some evidence of a strong efl'ect 
of impurities in changing the temperatures of transitions. 
Loriers (25) eir^jloyed diri'erential thermal analysis to a sam­
ple of 99.6 per cent cerium vfith an iron content of only 
0.005 per cent. He detected trcuisition ten5)eraturos of 635®G, 
7l5®C, and 730®C, plus the meltinc point at 8l5®C. A sample 
containing 0,22 per cent Iron showed transitions at 5l4-0®C, 
7lO®C, and 750®C. Loriers attributed the lower transforma­
tion ten5)eratures reported by Vogel (26), Hanajnan (27), and 
Jaeger, Bottema, and Rosenbohm (11) as being due to the pres­
ence of iron in their san5)les, and concluded that the tran­
sition temperature is 6ij.0®C in iron-free cerium, with prob­
ably several transitions between 600®G and the melting point. 
Ahmann (26) determined the melting point of cerium at 
793i5®C with a solid transformation at 703il0®c. Spedding 
and Daane (8) later reported the melting point as 80l4.®C and 
the transformation temperature as 7Sh-^C, 
Herrmann's electrical resistivity measvirements on ceriiom 
(Ij., p.l20) detected a sharp Increase in resistivity at 726® -
733®C, the increase being some 6.5 per cent of the total re­
sist ivity at that tenq)eratvire« 
A magnetic transformation, appearing as goi 8 per cent 
decrease in the susceptibility on warming, was found by 
Gatune-Mahn (29) between 670®C and 710®C. Her cerium sample 
contained only 0.0005 per cent iron and 0*^. per cent silicon* 
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The addition of raagnealum was seen to lower the transition 
temperature and decrease tho effect of the transformation on 
the aasceptlbllity. 
Praseodymium 
The crystal structure of praseodymium at room tempera­
ture was fotind to bo hexagonal close-packed by Rossi (30, 31) 
and by James, Le^.^'vold, and Speddlng (22), although the lest 
publication reported some face-centered praseodymium as well. 
Klemm and Bommer (32) found the structure to be face-centered 
cubic, but later (33)» with more pure material, reported only 
hexafjonal close-packed. They noted some discrepancies exist-
in^: in their dlfTraotion pattern, however, and 8iii;;:ested that 
these might be removed by indexing; the lines on the basis of 
a Co lattice parameter double to that used. Herrmann (if., p. 
ij.7) recently verified this hexagonal form with the double CQ 
dimension to be the stable room temperature form. 
There have been, to the author's knowledge, no solid 
phase transitions reported for praseodymium in the low tem­
perature region, although Parkinson, Simon, and Spedding {2l\.) 
did report an unexplained alight dip in the atomic heat at 
about -175*C. 
The only previous dllatometric work on praseodymium was 
by Barson, Legvold, smd Spedding (13)« and was in the region 
below room temperature* A slight anomalous Increaso in the 
coefficient of expansion below about -75*G was noted, and 
the room temperature value given as S.li- x 10"^ 
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In the hij^h toinperature re^rlon, a thermal arrest, appar­
ently due to a phase transition, vas reported by Speddln^i and 
Daane (8) at 798®C. This was in addition to the melting point 
as round at 935®C. Johnson and others {3h) employed their va­
por pressure apparatus to porrorm what was essentially a ther­
mal analysis of praseodymium, and determined the melting point 
to be 919®0. Herrmann's electrical resistivity measurements 
(i|., p. 120) showed a sharp increase in the resistivity by 5*7 
per cent at 789® - 795®G, correspondins to the hiijh tempera-
ttiro solid transition. 
V'arller mapnetlc susceptibility measurements by La 
Blanohetals (35-) showed that a plot oi" the reciprocal suscep­
tibility as a fimction of the tomperatxu'e did not quite obey 
the linear relationship predicted by the Curie-l^elss law, 
but curved smoothly away below such a line above 225®C. Un-
fortxinately, these measTirements were carried no higher than 
797*0, at which ton5)erature the metal reacted slightly with 
the fused silica tube in \^ich it was contained. No evidence 
of a phase transition at high ter^eratures was mentioned. 
Neodyralum 
The room temperature form of neodymlum was reported by 
Quill (36), Klemm and Bommer (32), and James, Le^jvold, and 
Spedding (22) to be hexagonal close-packed* In a later pa­
per, reporting on more pure metal, Klemm and Bommer (33) sug­
gested, as they did for praseodymium, that some few lines 
required a doubled CQ lattice parameter in order to be 
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explained. Ellinijep (37), Belirondt (33), and Herrnuinn 
(L;, pl4.7) have all coriTlrned this aui^jeatloa in indopoadont 
v/ork. 
Tiio hi^ijh terr^eraturo work of Jaeijop, DottcTiia, and Rosen-
bohra (11) Included neasurenieats oi' electrical resistivity, 
spocific heat, and therml exparisioa. Their sa-i; le, liowevei', 
was extre-aely inJiomo^jeneous, showing larje intei'nal ther.MO-
electric ei^rocts. Several ano-ialies aiid lar^e hysteresis 
were round, but the authors believed that a transition xz'oia 
hexagonal close-packed to face-centered cubic took place at 
about 508®C and that a second transition took place ab about 
720®C. 
A dilatoraetric study of neodyiulam netal by Trombe and 
.'^oex (39) disclosed aii ano^naly at 600® - 650®C wlxich they 
associated with the hexagonal-cubic fcrana.'orniacioii mentioned 
b;^ Jaeger, Bottoma, and Roaenbohrn. Values f^iven for the ex­
pansion ooerficient were 6.6 x 10"^ between -195®^ and 
0®C, 7.1|. X 10-6 between 0®G and 200®C, and 7,8 x lO'^ 
between 200®C and 1{.00®C. Dilatometric work by Bar son, 
Lepvold, ana Spedding (13) Indicated no transitions in the 
low tempera t lire region, and cave a roon tenperature e-cpansion 
coefficient of 7.1 x 10"^ 
The meltinn point of neodjuium was found by Aluaann (28) 
to be 320^10®C, but rather large amounts of iiapxirity were 
present in the form of 1 per cent magnesium and 0»5 per cent 
calcliim. No solid phase tranBi'orrnation was detected below 
the melting point* 
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Spaddint; and Daanc (3 )  reported the meltlnc point to be 
102l^°G and Totind a transfornatlon at 868®fi as well. Thermal 
analysis by Johnson and others Ok)» connection with va­
por pressure studies, were in excellent agreement. Indicating 
a melting point of 1019t2®C and a solid state transition 
toT^perature of 869^2®C. 
High temperature electrical resistivity meacurenieats by 
Herrmann (1;, p.120) also Indicated a transforniation at 861® -
663®C, No other transitions were found at lower temperatures. 
High temperature raannetlo susceptibility raeaaurements by 
Bates and others (l;.0) showed no evidence of transitions from 
room temperatiu»e to 725*C, althou^^h the reciprocal suscepti­
bility wa:3 found to be lower than ta© values predicted by 
the Curie-Weiss law from about 225®C upwaurd. 
Cadollnixim 
The crystal structure of uadoliniiini has been studied by 
Klomm and Bommer (32), Banister, Tjogvold, and Speddin^ (Ul), 
and nerrmann (l{-, p»63), all of whom found It to be hexagonal 
close-packed at room temperature. The data of Banister, 
Legvold, and Speddlng showed, in addition, that In studies 
mad© down to -235®C this structure remained the stable form. 
Probably the most interesting of the physical properties 
of gadollnlam Is Its ferrcraagnetlsm, the Curie point being 
at about 16®C. This phenomenon was discovered by Urbaln, 
Weiss, and Trombe (h^) and later verified by Klem^Ti and Bom-
mer (32) and Elliott, IiCgvold, and Spoddlns (t;3)* A 
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oorrespondln,'^ anomaly/ In the electrical resistivity near this 
point was found by Lo^vold, Speddinn^, Boraon, and Elliott (iilj.). 
Griffel, Skoohdopole, and Spedding {hS) found that a sharp 
peak in the atomic heat curve also occurred in the rei^ion of 
the Curie point, the entropy of .na^ netic order-disorder being 
slightly less than the R In 8 calculated for a spin of 7/2. 
A dilatometric study of gadolinixira by Trornbe and /oex 
(l{6) disclosed a sharp bend in the expansion curve at about 
the Curie point. For about 150®C below the Curie point, these 
investiijators reported practically no expansion at all with 
chancing temperature, that is, a zero coefficiont of eiq)an-
sion. Above the Curie point, tho coefficient was reported as 
considerably greater, near to those of other rare earth iie-
tals, A slight anomaly, with hysteresis, occurred at 100®C 
to 200®C. Banister's X-ray crystallocrapiiic study below room 
temperature (1^1) indicated that tlie a^ axis decreased nonml-
ly with decreasing temperature below ^ 0®C, but that the Cq 
axis increased. rYom the relative magnitudes of these effects. 
Banister was able to estimate the expansion coexficient for 
a bulk specimen as roughly 1 z 10"^ ®c"'^ below room tempera­
ture. 
Usinfj a rolled san^jle of gadolinium metal, Barson, Leg-
void, and Spedding (13) found the coefficiont in this region 
to be slightly decreased fron the room temperature value, but 
still no lower than about 5 x 10"^ In view of Banister's 
findings on the aniootropy of this metal, it was believed 
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that the rolling of the sample had produced a preferential 
orientation of the orystallltos in the rod. This would ex­
plain, at least qualitatively, the differing results. 
Other than the dllatometric work of Trombe and ii'oex, 
there has been practically no high temperature work on gado­
linium, The melting point is known as approximately 1350®C 
from the work of Speddlng and Daane (8), who recorded the 
ten^jeratxire indicated by an optical pyrometer when the sam­
ple was observed to flow. Other than this, no high tempera­
ture anomaly has been reported. 
Terbium 
There has been but little work done on terbium metal, 
doubtless due to its scarcity in pure form. 
Both Klemm and Bommer (32) and Herrmann (I4., p«63) re­
ported the room temperatvire crystal structure to be hexagonal 
close-packed. Klemm and Bomner, in the same article, report­
ed the magnetic susceptibility to follow the Curie-Weiss law 
in the region immediately below room tenqperature, with a para­
magnetic Curie temperatiire of about -70®C. They did not 
actually find the metal to become ferromagnetic, however, at 
tes^eratures as low as -175°C« 
Recent unpublished work by Thobxirn and others ([{.7) 
seemed to Indicate true ferromagnetlsm below about -l^-O^C. 
The sample was in^jure and highly anisotropic, however, prob­
ably consisting of large grains, and this result is still 
somewhat tentative. 
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The molting point of torbliun was reported by Spoddin^; 
and Daane (8) as ap; roxlmately II4.OO® - 1500®C. 
Dyaprosliun 
The crystal struct'orc of dysprosium at room teirperature 
wan found to be hexagonal close-paclccd by IClennn and Bonmor 
(32), Herrmann (!^., p»63), and Boniater, Lec^vold, and Speddin^ 
(I4I), Tl-ie last authors reported this structure to be tnain-
tained as low as -235*C* 
The interesting re~ion for this metal Is that below the 
ran,2:e covered in the present work. At low temperatures this 
metal has i^at is apparently an antlferrcTna^inotic state be­
low "97^0 and a truly ferroTnagnetic state below -180®C (1|8, 
l|.9). 
The dllatometrlc study of dysprosium by Trombe and .'oex 
(So) disclosed a plateau, or region of zero expansion, im­
mediately below the terrperature of the hi~hor magnetic anom­
aly at about -97®C. Above this tetneraturc, the expansion 
was perfectly smooth and £;ave no evidence of other transfor­
mations up to 300®c;» The room te-nj^eraturc coefficient of 
expansion was about 8 * 10"^ ®C"^» Expansion measurements 
by Bar son, Lecvold, and Speddlng (13) were in cood a^^reement 
with the findings of Trombe and P'oex in that re^^lon. Banis­
ter's X-ray analysis (I4I) showed that below about -100®C the 
Co axis expanded with decreasing temperature, while the ao 
axis contracted normally# From the values of the expansion 
of these axes, he estimated the maeroscopic thermal expansion 
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of a bulk sairiplo to be about 9 x 10"^ ^C""^ above the magnetic 
anomaly and almost zero below. 
The meaaurem.ent or tnagnetlc susceptibility was extended 
into the high ten^erature region as well by Trombe (5l)» who 
found the Curie-Weiss law obeyed up to a to-.rjiorature above 
lpO°C, with no indication of any hi^jh ten5>oratupe anomalies, 
Tlie neltip<; point of dyaprcsium is approximately 1500®C, 
as deterrainod by Speddin^' and Daane {3)« 
Erbium 
The only crystal structure reported for erbiujn is also 
hexat:onal close-packed. This was found by McLennan and Monk-
man (52), IClemra and Boncner (32), Banister, Lecvold, and Sped-
ding (I^l), and Herrmann (ii-, p,63)* 
Erbium, like dysprosixim, has a rather complex magnetic 
behaviour at low temperatxirea, becoming ferromacnetlc below 
about -250®C, and probably antlferromagnetlc between that 
tenperature and about -195®C (53, 5l|) • Anomllos of specific 
heat (55) and eleotrical resistivity (l[li.) are associated with 
these mcnetlc transitions, 
A dilatometrlc study of erblujn by Baraon, Iiei:vold, and 
Spedding (13) covered the range froii -175*C to rooi;i tempera­
ture, ilo anomalies were found In that re£;lon, and the room 
terr^jerature coefficient of expansion was reported to be 
9 X 10"^ The X-ray analysis of erbium by Banister, 
Legvold, and Speddlng (i|l) once more sb.owed an anlsotropy 
below the Curie point similar to that in gadolinium. 
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Estlmatea of tlie ex^jansion of a bulk oani^lc of erbium from 
those data ^:ave 10 x 10"^ *0"^ above -l75*C and about zero 
below that temperature. 
Ytterbium 
Ytterbium, unlike Its neighbors in the periodic table, 
was found by Klemm and Bommer (32) and by Herrmann (Ij, p»!?3) 
to crystallize in the face-centered cubic form at room tem­
perature. Bommer (56) pointed out the strikini^ Increase in 
atomic radius of this metal, aa well as europium and to some 
extent samarium, over the others in the rare earth series. 
These elements tend to have radii corresponding to divalent 
metals, a valency state which they often assume in compound 
formation. 
Brldgman (57), In performing hij_h pressiire measurements, 
found an extreme effect upon the electrical resistivity of 
this metal, that property increasing rapidly with pressure 
to a maximum some thirteen times its normal value at a pres­
sure of 50,000 ke/cni^. Above about 60,000 kg/cm^, however, 
the resistivity suddenly decreased to a value leas than its 
normal one, where it remained relatively constant under fur­
ther increases of pressure. The compressibility measure­
ments were not made to pressures hl£:;h enough to Include the 
anomalous range, but indicated a compressibility some two to 
three times as great as that of other members of the rare 
earth series. 
A thermal analysis of 
(8) deteriniaod the moltincj 
disclosed a second thermal 
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this metal by Speddin^ cxid Dnane 
point to bo at 821^.®C, and also 
arrest at 798®C« 
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APPARATUS 
A sohematlo diagram of the equipment used In the present 
Investigation Is shovm in b'igure 1. The apparatus resembled 
a fused-quartz tube and dial-Indicator dllatometer in which 
the dial-indicator was replaced by an interferometer for in­
creased sensitivity* Provlsio was made for heating the sam­
ple under an inert atmosphere of purified helium gas, and 
the progress of each experimental run was recorded continu­
ously on an automatic strip chart recorder. A detailed 
description of the various components and their operation 
follows. 
Description of Components 
Sample Holder and Interferometer 
The sa:nple holder and interferometer, which together 
made up the working parts of the dllatometer, are shown In 
figure 2. 
The 8a.-!^le holder conalsted of a fused silica tube 
with a sealed conical bottom on which the metal san^le rested. 
The sa.ftple was In the form of a rod some 5ca long and 0.6cm 
In diameter. Resting in tiu>n upon the sa^aple was a fused 
silica rod topped by an aluminum adaptor for supporting the 
lower optical flat. The upper optical flat, as snown in the 
figure, was supported by throe steel adjusting: screws wiilch 
wero eaaentlally fixed rigidly to the silica tube. Tlius, 
any change In length of the sample appeared aa a motion of 
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the fuoed allloa rod relative to the surroundlnc tube and was 
transmitted aa a relative motion of the two optical flats. 
In order to meaaure quantitatively the relative motion, 
the optical flats were Illuminated with monochromatlo ll^ht 
and adjusted nearly to parallelism. Small windows permitted 
the operator to see the separation of the flats as an aid In 
their adjustment. ^Vhen they were properly adjusted, there 
appeared slightly curved Interference fringes which moved one 
way or the other, depending upon whether the 8an5)le expanded 
or contracted. The analysis Is Identical to that of local­
ised fringes produced In the Mlchelson interferometer (sec 
Jenkins and White (56) for exaoQ^le), and Indicates that one 
fringe will pass some fixed point whenever the distance be­
tween the optical flats chenijos by one-half the wave length 
of the raonochroTiatlc light used. In the present case, the 
light source en^Ioyed was a mercury arc lamp with a narrow 
band filter which passed the mercury green line of wave­
length Sk60,7 A. 
It was, of course, In^ortant to prevent heating of the 
Interferometer as the furnace temperature was Increased. 
Convection within the sarnie holder was minimised by a close 
fit between the silica rod and tube; convection outside of 
the sample holder was minimized by a tight plxag in the bot­
tom of the fiirnaoe emd a loosely fitting one at its top. A 
water Jacket at the top of the silica tube also helped to 
cool the interferometer, as well as to prevent a wax seal 
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at this point from softening. With this arrangement, the 
Interferometer was kept always at room temperature and the 
sample always at the temperature of the center of the fiu?-
naoe. The temperatxire gradient, then, occurred entirely 
along the silica rod and tube. Since these were of the same 
material, their expansions Just canceled, and the motion 
transmitted to the optical flats was due only to the expan­
sion of the san^>le Itself, less the expansion of an equal 
length of silica corresponding to the tube around the sam­
ple. Since this part of the tube was always at the same 
ten^erature as the aan^le, and since the expansion of fused 
silica Is well known and quite small, a correction for this 
could readily be nade. 
It might be pointed out that the use of steel adjusting 
screws to support the upper optical flat, and an aluminum 
adaptor to support the lower one, was a deliberate choice of 
materials to minimize the effect of changes of room tenqjera-
txire. Since the expansion of alxxminum is appreciably larger 
than that of steel, the lengths of these two materials could 
be adjusted to condensate each other, assuming only that they 
remained at a common te]39eratiu>e. Since these were all en­
closed in the same helltun atmosphere, this ass\uiQ)tlon was con­
sidered to be a good one; It seemed to be. In fact, when the 
room temperature was deliberately changed over a small range. 
A small key and keyway. Indicated on the diagram, pre­
vented the lower optical flat from rotating. A close but 
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free fit of the adaptor aupportini: the lower flat prevented 
excessive wobbling or tilting;; of this part of the Interferom" 
eter. To Insure a stable positioning of the upper optical 
flat, the three adjusting screws were seated respectively in 
a V-groove, a conical hole, and a flat surface, all machined 
in the holder for the upper optical flat. With those pro-
cautions, the apparatus was stable to all but rather severe 
Jarrinr of the equipment, and was not disturbed by the usual 
vibrations in the building. 
Inert Atmosphere 
Since the rare earth metals arc extremely reactive, par­
ticularly at elevated ten^eratures, it was necessary to main­
tain either a vacuum or an inert atmosphere about them at 
all times during the run. The use of a hellua at.riosphere, 
rather than a vacuum, was chosen partly to maintain thermal 
equilibrium between the fused silica rod and tube along their 
lengths, and partly to minimize vaporization of the several 
rare earth samples whose volatilities arc high at elevated 
teTT^jeratures, 
Tlie scheme for purifying' the helium gas used is indi­
cated In the diagram of equipment previously shown In figure 1. 
if/ith the sample fornace still cold, the equipment was evacu­
ated with the mechanical pun^), flushed with helium gas, and 
evacuated to a high degree with an oil diffusion pump. The 
getter furnace, packed with alternate layers of pyrex wool 
and turnings of a 90 per cent calcium - 10 per cent magnesium 
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alloy, was then heated to to outi2;as» \Vlion a ^ood vacu­
um was obtained once more, the teaipoi'ature of the furnace was 
reduced to liOO®<} where It remained diu^lng the entire run. The 
system was then closed off from the pumps and filled with 
helium gas, which flowed In over the hot getter. With the 
helium gas at approximately atmospheric presstirc, the system, 
Includlnc the getter f\u»nace, was sealed off. With such an 
Isolated system, the cas densltji remained constant at all 
tiiea, so that even If the temperature and pressure varied 
slightly, the refractive Index of the gas was unchanged. 
Hence, no error was Introduced in the results due to chances 
In the wavelength of the monochromatic lli;ht. 
A further precaution, necessary to protect both sample 
and equipment, was to prevent the metal from reactlrig with 
the fused sillce, a reaction which proceeds very readily at 
high temperatiu'es. Thin tantalum foil was wrapped around 
the saiTQ}le and discs of this foil fastened to each of its 
ends, thus preventing any direct contact of the rare earth 
metal with the fused silica. 
Thermometey 
To measxire the tender a turo of the sample during the runs, 
a chromel-alumel thermocouple was er^loyed, using a calibra­
tion from the manvifacturer• Calibration points v/ere supplied 
at 500®/, 1000*:'', 1600*?, and 20C0®F, or over an interval up 
to almost 1100®C. In the range coverod by the present in­
vestigation, up to about 950®CI» the deviation of the thermo­
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couple reudiiiiis i'ro^n the standard tables at the calibration 
points was leas thmi IfO tiv, ox' about u dc<;_,roo. 
The thermocouple was secured to the outside of the 
fused silica sample holder tubo at a point near the center of 
the sfiunplo length. This placement outside of the a ample hold 
er was iiade necessary first because cliromel-alumel thermo­
couples arc calibrated to bo used in oxidizing atmospheres, 
and second bocauae vapor from the -nore volatile rare earth 
metals may react with the thermocouple materials very readi­
ly at hi^h te'»5>erature8. In order that the thermocouple 
might more nearly read the true temperature of the sample at 
all times, both the thermocouple and the sample holder were 
wrapped together with a small amount of "Refrasil" quartz 
fiber insulation. It is believed that this permitted the 
ther-iocouple to "see" the sample nore readily than the fur­
nace* 
In order to check the difference between the true sam­
ple temperature and the tenipereture indicated by the thermo­
couple placed outside of the san^le holder as indloatod above 
a preliminary experiment was performed, A small length of 
steel tubing was Inserted in place of the sample, and a se­
cond thermocouple Junction placed Inside of this tubing. 
This thermocouple was connected in opposition to the outer 
one as a difference thermocouple, and the furnace was warmed 
and cooled at rates identical to those employed in gathering 
the data on the rare earths. This permitted the direct 
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reading of the correction required at any point in the course 
of a run. furthermore, by raising: and lowering; the inner 
thermocou^jle slightly, one could oatimate the magnitude of 
the temperatxire gradient existin;^ along the sample. 
It was deterralned that the majcimum te-nperatore dlffep-
ence between any two points on the sample was probably no 
more than )i*C, and this much only at the very highest tem­
peratures attained during the runs. Over moat of the range 
it was less than 2®C. 
The difference between the mean sample temperatiire, as 
estimated from the temperature gradients measured above, end 
the thermocouple reading outside of the silica tube was found 
to be of the same order of magnitude. It varied smoothly 
and almost linearly from zero at room temperature to about 
l4.*C at the highest temperature reached. In using the thermo­
couple, a correction was made for both this error due to the 
thermocouple placement and for the calibration as furnished 
by the manufacturer. It is estimated that the temperatures 
so indicated represented the true sample tenqperature to about 
i 2*C, and, since the corrections varied smoothly with tem­
perature, that temperature differences over a limited range 
could be determined considerably more accurately than this. 
Recorder System 
In order to record the results of the experimental work 
continuously, both the theirmocouple reading and the motion 
of the interference fringes had to be recorded. The 
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Instrument used In this work was a Bristol "Dynamaster" two-
pen recording potentiometer# Pull-scale deflection i"or each 
pen was 2 mv, a apsin which could be traversed by either pen 
In 2 seconds. The Instrument automatically standardized It­
self agclnst a standard voltage reference cell at l5-'^ iinute 
Intervals, and the manufacturer claimed an accuracy of 0.1 
per cent of the full scale reading, although this last seemed 
rather doubtful to the author, 
A full-scale reading of 2 mv was desirable In order to 
give sufficient sensitivity In the thermocouple readings. 
Since the thermocouple readings went as high as I4.0 mv, how­
ever, some revision In the circuitry was obviously necessary. 
The method used to expand the ran^e of the recorder was 
a modification of the method of Chiottl (59), and Is shown 
In Figure 3. It consisted in part of a regulated voltage 
supply in series with twenty-foiir 10-ohm precision resistors 
and a hellpot with which to control the voltage drop across 
these resistors. This voltage drop was monitored manually 
with a Rubicon D precision potentiometer and maintained at a 
total voltage of I;?.! mv, or 1.96 mv across each 10-ohm re­
sistor. 
A microswitch on the upper end of the recorder span was 
closed by the pen as it reached the upper limit of the scale. 
This microswitch actuated a stepping switch that placed one 
of the 10-ohm resistors Into the thermocouple circuit with 
its 1.96 mv opposed to the thermocouple volta£e. This almost 
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entirely balanced out the therrnocouplo voltaiio, reducinij the 
net voltage applied to the instrument almost to zero and 
starti.'ii; the pen over ai^ain at the bottom of the span. As 
the pen a'rain advanced to the top of the scalej a second vol­
tage was switched in automatically, and so on» 
In the event that the stepping switch might be more than 
one step away from the correct sotting, such as in turning on 
the equipment, it would be necessary to pulse the stepping 
switch repeatedly in order to bring it to the proper position. 
Hence, it was necessary to Install an interrupto? such as is 
shown in the fijure, into the mlcroswitch circuit. The val­
ues of the condenser's and resistors were suoh that the step­
ping switch was pulsed at approximately one-second intervals 
until the proper setting was reached and the recorder pen re­
turned to the bottom or middle of the scale. 
Actually, only half of the circuit is shown in the fig-
iire, since an identical circuit was used with a mlcroswitch 
at the bottom of the recorder scale to advance the stepplnij 
switch in the opposite direction. The instrument could then 
be used in either the warming or the cooling direction, A 
series of pilot lights on the control panel Indicated to the 
operator the position of the stepping switch at any time, so 
that the actual thermocouple voltage could be calculated 
from the recorder reading at that time. 
The second pen of the two-pen recorder was used to in­
dicate the passage of Interference fringes caused by changes 
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In length of the sample* In :''lgure 2, ahowinij the details 
of the Interferometer, a lens was Indicated above the opti­
cal flats. This lens focused an Image of the Interi'orence 
fringes onto the plane of the cover of this equipment, where 
part of the light reached a photojflultlpller tube throu^ih a 
small aperture. Since the aperture was small compared to 
the width of the fringes, the photomultlpller tube "saw" 
sinusoidal variations In llcht intensity as the fringes 
moved past. A somewhat similar scheme for covmtlng fringes 
has been used In the j^lzeau-Pulfrlch dllatometer by Work (60), 
Peck and Obetz (61), and others. 
Figure Ij. shows the circuit diagram for the photomultl­
pller tube. The variation of li;^it Intensity from the 
fringes appeared as a variation in plate current of the tube 
and, hence, as a variation of volta^^e across the 1 megohm 
resistor In the plate circuit. Such a variation In voltage 
was suitable to apply to the recorder. It was convenient, 
however, to use the 100 K potentiometer Indicated In the fig­
ure as a voltage divider to control the amplitude of the sig­
nal, The regulated voltage- supply and potentiometer made it 
possible to buck out much of the d,o, part of the signal and 
center the sinusoidal a«c, component on the recorder chart, 
E:ach cycle of this a,c, con^onent represented the passage of 
one interference fringe, or a change in separation of the 
optical flats of 2730,1). A, a half-wavelength of the mercury 
green line used to illuminate the flats. 
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To illustrate the type of record obtained, a sample 
strip of chart, reduced to about one-half size, is shown in 
l-'iguro S* This particular section of chart was actually 
taken from one of the lanthanum rons in this investigation. 
It is especially Interesting since it Includes a transition 
in which the asLmple, orii.:inally expanding;, with increasing 
te.riporatxire, changed direction and contracted sharply over a 
short rani^e, then reversed once more and expanded in a nor­
mal fashion. The points of reversal are clearly evident 
toward both ends of the scction of chart shovm. Thus, while 
the direction of motion of the optical flats is not obvious 
from the frini;;e pattern at any time, reversals are usually 
readily apparent. In regions of transition, or at any time 
of doubt, the operator can remove the photomultiplier tube 
from the apparatus, examine the fringes visually, and infer 
the direction of motion of the optical flats fron the ob­
served fringe motion. The optical flats belnc: very nearly 
parallel, the fringes appear ciirved or actually circular. 
If the frinije motion is ono of expanding circles, this indi­
cates that the separation of the optical flats is increasing, 
or that the sanple is contracting. Conversely, contracting 
circular fringes indicate that the sample Is expanding, 
i'^urnace Control 
With the above provisions for recording both ten^pera-
ture and fringe count continuously, there remained only the 
need for a mechanical terrperature control to make the dila-
tometer conqpletely automatic• 
Plgiore Sample of Strip Chart Record 
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Slow rates of heating and ooollng were essential to In* 
sure an approximation of equilibrium conditions* Preliminary 
work showed that the most favorable method seemed to be that 
of advancing the furnace setting in discrete steps and allow­
ing time between for the sample, thermocouple, and sample 
holder to approach equilibrium. 
The device used to achieve this end was singly a motor-
driven powerstat, the motor being turned on for a short time 
once In each hour by a clockwork mechanism. The amount of 
the advance each hovxr was slightly over a volt, or enough to 
Increase the furnace temperature by about 25*C to 30^C in 
that time* Readings were taken from the chart record at the 
end of each hour, Just prior to a new change in furnace set­
ting, when the temperature of the furnace was changing very 
slowly. The time axis on the chart made It possible to de­
termine the proper points for taking the data without giving 
the equipment constant attention throughout the run. 
The motor used to drive the powerstat was a reversing 
type, geared down to a very slow rate of rotation. When the 
maximum desired temperatxires had been attained, the operator 
had only to reverse the direction of the motor for the fur­
nace to be cooled in discrete steps at much the same rate as 
it had warmed. 
Evalufition of Pcrfortnaiice 
Trial Measurement of Copper 
In order to test the operation of the dilatometer, a 
sample of 99.999 per cent copper was run in the equipment In 
exactly the manner of operation uaod with the rare earth met­
als. The sample was of comparable size and was protected by 
tantalum foil, even though this was not strictly necessary 
In the case of a metal such as copper. 
The thermal expansion of this sample, reduced to unit 
length, is shown In Figure 6. The slight correction for the 
length of fused silica svirrounding the semplc has been made. 
In this calculation, and in all subsequent calculations on 
the rare earth metals, the expansion data for silica were ob­
tained from the results of Saunders (62) at the National 
Bureau of Standards. 
It may be noticed that the slope of the curve of Figure 
6 l8 which is exactly the coefficient of expansion of 
L© dt 
the metal. Hence, to determine the expansion coefficient of 
the copper, and in fact of the rare earth metals as well in 
analyzing those results, one has only to plot the expansion 
curve to e large scale and differentiate it graphically. 
The data for copper, as here determined, were so treated 
to give the expansion coefficient as a fxinctlon of tempera­
ture between room te^T^jerature and about 900®C. In order to 
conQ}are these results with those of other Investigators, the 
present values and the data reported in the literature 
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are plotted toi^ ether in l-'igure 7* The scale la deliberately 
large in order to exaggerate the diil'erenoea and the scatter­
ing of points* It is seen that the results or the present 
investigation are in satisractory agreement with the values 
reported by I'sser arid litisterbrock (63)# JDittenbbri;er and 
Oehrcke (61^ .), Nix and MaoNalr (65)» and Henning (66), but are 
In rather poor agreement with the results ox' Kosenbohn (67), 
Uft'elman (68), and iiucken (69)* It may be noted that the 
warming run oX' the present work gave results wnioh were ap­
parently slightly low over part oi' the range. It was i'ound 
in later work that this was generally true i'or the rare 
earths as well, usually to a much greater degree, but that 
followini: the first warming run the results became reproduci­
ble* This was probably due to an annealing oX' the sample, 
or perhaps to a relaxation of slight strains in the thin tan­
talum discs on the ends oi* the san^ }le« At any rate, the re­
sults oC the first warming run were generally discarded in 
subsequent work. 
In view of the rather large discrepancy among some of 
the results reported in the literature, even for a well-
behaved metal such as copper, it is felt that the results of 
the present work on copper were sufficient to verify the ac­
curacy of the equipment, at least to within the limits 
achieved by other investigators. 
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Eatlmate of Acouraoy 
It la difficult to eatlmate the accuracy of the Inatru-
raent quantitatively, since many small effects which may In­
troduce orror are difficult to meaaiiro. 
The calculations Involved only the orlijinal lon^ jth of 
the sample, the number of fringes which had passed, and the 
temperature. The sample length could be measured to much 
less than 0.1 per cent. A alight correction was made for the 
tantalum foil on the ends of the san^ le, even though the 
thickness of both discs together amounted to only about 0.1 
per cent of the sample length. The number of fringes in any 
temperature interval oould be read from the chart with en 
accuracy of about a tenth of a fringe or bettor if the count 
was marked at the peak of a frince, these peaks being quite 
sharp. It is believed that a temperature Interval of about 
30®C could be measured to at least t 0.3*C, and probably bet­
ter, provided the operator monitored the calibration of the 
circuitry for expandlnfj the scale of the recorder. In a tern-
peratiire range of this size perhaps fifty fringes would be 
counted for a typical rare earth metal. Thus, one would be 
led to estimate th&t the coefficient of expansion could be 
determined to about one per cent or slightly more over a 
range of 30*C. This was about the span between readings un­
der normal operating conditions. 
Actually, the data were not this precise, as was indi­
cated by the scattering of points about the curves and the 
kQ 
lack of reproducibility to this high decree. It saems like­
ly, however, that the alii^ htest amount oi' strain or binding 
In the raovlniT parts of the equipment would be aaiTiclent to 
exceed the stringent require.nenta for this amount of accuraoy. 
It is possible that the amount of freedom required by the 
raovin^  ^parts In order to miaimize such binding was enoui^ h to 
permit a very slight tilting/ of one optical flat relative to 
the other. This would have the effect of chani;.ing the densi­
ty of the interference fringes, that is, the distance between 
the maxima and minima, and would cause additional fringes to 
cross the field and be counted* It is also possible that the 
effect on the apparatus due to small changes in room tempera­
ture was not completely eliminated. All of these effects 
are probably quite small. Although it is difficult to esti­
mate them quantitatively, they seem adequate to explain the 
failure to achieve the hi^ h^ precision indicated by the esti­
mate of error involved in reading the instruments• 
Since the data were not precise enovigh to calculate the 
coefficient directly within 1 per cent in these Intervals, 
the expansion curve was differentiated graphically from a 
curve drawn through the polnta* Since the points did not de­
viate much from a smooth curve, as will be seen in the fig­
ures to be presented, it Is believed that little error arose 
from the differentiation process Itself. 
In addition to the effects mentioned above. It seems 
likely that the expansion of the sample Itself may actually 
1+9 
not be as smooth and regular as one would like to see In an 
Ideal graph. This would particularly be suspected in the 
high ten?)erature range, vdiere diffusion, crystal growth, and 
the introduction of lattice defects may become appreciable. 
In view of the results obtained with copper relative to 
the values reported in the literature, and Judging from the 
degree of reproducibility and scatter of points in the subse­
quent runs on rare earth metals, it is the author's opinion 
that an accuracy of about t 0,2 x lO"^  •c"^  in the values of 
the expansion coefficients reported is a reasonable claim* 
This is approximately a two per cent probable error in the co­
efficient of expansion, although it is believed that the total 
change in length of the sample over the entire run was meas-
\ired with an accxiracy of better than one per cent. 
>0 
MATERIALS TESTED 
Fraparation 
The separation oi* rare earths has long been a dli'iloult 
problem, due to their close chemical similarity* The salts 
used to produce the metal samples i'or this investigation were 
separated and purified by the ion-exchange process described 
by Spedding and others (70, 71). To produce compact metallic 
samples, the fluorides of the various metals, with the ex­
ception of ytterbixua, were bomb reduced with calcium metal* 
This technique, which gives excellent ylolds, was devised by 
Spedding and Daane (72, 73)• Following the reduction, the 
metals were vacuum cast to distill oX'i* the excess calcium re­
maining* In the case of ytterbium, it was found that calcium 
did not reduce the ion to the metallic state, so that another 
method had to be found. A successful reduction was performed 
by Daane, Dennison, and Spedding (71^ ) by reacting metallic 
lanthanxxm with ytterbium oxide to yield metallic ytterbium, 
lanthanum oxide, and some excess lanthanum* Since the vapor 
pressure of ytterbium metal is considerably greater than that 
of lanthanum or its oxide, it was possible to distill off 
practically pure ytterbium metal from the resulting mixture* 
following the purification of these metals, they were 
recast into rods slightly larger than the size required, and 
than turned to shape in a lathe* The finished sample was in 
all oases a rod some 5om long by 0.6em in diameter* All 
casting of these metals, including the reduction and 
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piiril'loatlon procoaaos, was done in tantalum crucibles, a 
material which cloea not react appreciably with the rare earth 
metals except nt very high temperatures. 
1 
Purity-
It la, of course, desirable to have samples of the high­
est possible purity in conducting any experimental meaaiire-
ments* However, this is often rathor a diiTlcult thing to 
attain with rare earth metals* i<'ortunately, as Nix and Mac-
Nair pointed out (65), a small amount of impurities plays a 
minor role in the thermal expansion of non-ferromagnetic 
metals, and even in the case of ferromagnetic metals the eX'-
fect is small except in the region about the Curie point* 
In this ranee, however, the effect may be very large* 
In the present investigation, small amounts of metal 
from the final castings were examined to find the Impxirity 
content of each san^ le* These were analyzed chemically for 
carbon and nitrogen, and also spectroscopically* The results 
of these analyses are reported below, except in the oases of 
cerium, gadolinium, and terbium* These analyses, unfortu­
nately, were not completed at the time of writing and could 
not be included* 
The gadolinium sany^ le, however, was taken from the mas­
sive block of metal used for heat capacity measurements by 
Qrlffel, Skochdopole, and Spedding (US)* These authors re­
ported Impurities as follows for the gadolinium: tantalum. 
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less than 0*3 pei* oentj oaloltim, less than 0«0iv per oent, 
and silicon. Iron, and ma^ nesltim all less than 0*01 per cent* 
No other rare earth metals were detected. Fresiimably tue 
gadolinium sample used In the present work would have about 
the same analysis, with possibly some additional tantalum 
and nitrogen resulting from the recasting process* The over­
all sample purity was probably about 99*5 p®** cent or better. 
The cerium and terbium san^ les would probably have an im­
purity content con^ arable to the following analyses for the 
remaining samples. 
The lanthanum san^ jle was a particularly pure one, ap­
proximately 99.9 per cent pure, llie analysis showed it to 
contain 175 parts per million (ppm) of carbon, l+OO ppm of ni­
trogen, and per cent of calcium. The following elements 
were not detected spectroscopically: aluminum, beryllium, 
selenium, tantalum, yttriiun, and all other rare earth metals. 
The praseodymium sample had an analysis showing it to 
contain 309 ppm of carbon and l^ .?© ppm of nitrogen. Rather 
a high percentage of neodymium, about 0*2 per cent, was also 
found. In addition there was less than 0.1 per cent cerium, 
0.03 per cent tantalum, 0.03 per cent silicon, 0.01 per cent 
lanthanum, and 0*006 per cent iron. By difference, the sam­
ple purity was about 99*5 por cent* 
The neodymium sanQ>le was about 99*7 per cent pure, con­
taining less than 0*06 per cent praseodymium, 0*06 per cent 
samarium, 0.01 per cent calcium, 0*025 per cent silicon. 
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0»05 per cent tuntaliim, and 0.006 per cent Iron* The carbon 
content was reported as l75 ppm, and the nitrogen 600 ppm. 
Lanthanum and cerium were not detected. 
A rather In^ jure dysprosium aeanple was used In the pre­
sent work, since the analysis Indicated It to bo only about 
99.0 per cent. A high percentage of tantalum was present, 
about 0.5 per cent. Possibly It had been heated to too high 
a ten^ ierature at some time in its production while in a tan­
talum crucible. In addition it was contaminated with about 
0.2 per cent of calcixim, and no more than the Tollowln^  ^
amounts of impurities: terbium, 0.1 per cent; holmium, 0.05 
per cent: erbium, 0.02 per cent; iron, 0.005 p®r cent; and 
silicon, 0.02 per cent. Gadolinium was not detected, but 
95 ppm of carbon and 30 ppm of nitrogen were. 
A relatively pure sample of erbium was procured for this 
work, containing about 0.07 per cent calcium and 0.03 per 
cent iron. In addition there was no more than 0.0C5 per cent 
dysprosium, 0.01 per cent holmium, O.OI4. per cent silicon, 
0.002 per cent thulium, and 0.01 per cent ytterbium. The car­
bon content was 95 ppm and the nitrogen content was 30 ppm. 
The p\irlty of the sample was thus about 99.8 per cent. 
The ytterbium sample contained 6I4.5 ppm of carbon and 100 
ppm of nitrogen. The largest metallic impurity was calcium, 
in the amoxint of 0*5 per cent. There was also present about 
0.05 per cent each of iron and silicon, and less than 0.01 
per cent erbium, 0.005 por cent lutetlum, 0.03 per cent 
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tantalum, and 0.01 per oent thulium. A trace of copper also 
was detected, and the purity ol' the sample, by difference, 
vas estimated as about 99*3 per cent. 
RESULTS 
Lanthanum 
The expansion oi' lanthanum, as determined in the I'irst 
trial, is shown in I'lgure The most notable Teature OJL' 
this study was the transition at moderate temperatures with 
considerable hysteresis. This tr£u-iarormatlon corresponds 
to the hexagonal olose-paoked to Taoe-centered cubic transi­
tion, the hexagonal form beln^ ; stable at lower temperatures. 
It was centered at about 310°C in the warming direction and 
was fairly abrupt, going almost to completion within a range 
of 20*C. In the cooling direction, the transition occurred 
largely between 200®C and 2l4.0®C but was sluggish and Incom­
plete, probably due to the lower ten^ ierature. The decrease 
in length accompanying this transTormatlon was about 0.1 per 
cent or the total length, in the warming run, or, assuming 
an isotropic san^ le, about 0*3 per cent by volume. In the 
cooling direction, the volume change was only about half as 
great, indicating that some face-centered cubic lanthanum 
was probably still present at room temperature following the 
run. 
The present results are in fairly good agreement with 
the work of Trombe and x^ 'oex (12) who found a hysteresis loop 
in the expansion curve between 15g*C and 350*C. These in­
vestigators reported only a 0*19 per cent change in volume, 
however. It might also be recalled that Bridgman (II4.) 
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detected an abrupt volume change of 0.26 per oent at high 
pressures, a value close enough to that found here to suggest 
that the transformations are the same in both cases* 
A second xuiusual feature of the expansion curve as here 
measvired was the softening at higher temperatures, the sample 
taking on a permanent decrease in length* In a second run on 
lanthanum, shown in Figure 9, the sample was warmed to a high­
er temperature than in the first run, with the result that 
the sa39)le became so soft as to be deformed by the very small 
weight which it supported, that of the fused silica rod and 
lower optical flat. The temperature of this occurrence was 
still about 60*C below the reported melting point. 
It was unfortunate that this effect made it in^ ossible 
to take usable data through the anticipated high temperature 
transition as deteoted by electrical resistivity and thermal 
analyses. 
It might be noticed that the lower tenqperature trans­
formation in the second riin was marked by a volume change of 
only about 0.2 per cent, considerably less than in the first 
run, and indicating once more that a mixture of more than one 
crystalline form was probably present. 
The coefficient of expansion of lanthanum is shown in 
b^ igure 10* The room ten^ jerature value of about l4.*6 x 10'^  
•C"^  is in good agreement with previous work done by Barson, 
Legvold, and Spedding (13)« but is somewhat lower than the 
5*8 X 10"^  *0"^  reported by Trorabe and Koex (12). 
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Corltun 
The ooafficiont of expansion of cerlvun Is shown In r'lg-
nre 11. Once more at the high temperature end there Is con­
siderable creep of the metal. Other determinations to higher 
teinperatures showed an extreme flow similar to that In lan­
thanum, so that once more It was not possible to include the 
region of the high ten^ erature anomaly reported in other 
studies. 
Below about 200*C, cerium showed a negative curvature, 
that Is, a decreasing; slope, which is unusual for metals. 
This effect is better saown in r'igure 12, where the expansion 
coefficient is seen to Increase below 200^ 0. Reproducibility 
was good except in the regions near room temperature and at 
very high tomperatures. 
It is believed that the increase in the expansion coef-
ficient near room temperature was due to the onset of the 
transition between the normal face-centered cubic and the 
condensed form. Although this transformation is largely a 
low temperature effect, there is evidence in other properties 
too that it probably "tails off" to high temperatures to some 
extent. The room temperature coefficient of expansion was 
about 6*5 X 10"^  although in the absence of the anoma­
lous behaviour in this region, it might have been about 5*5 
X 10"^  a value nearer to that of the neighboring rare 
earth metals. 
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Praseodi'mluni 
In the case of praaeodyralum it wua finally possible to 
cax^ ry the experimental work through the range of the high 
temperatxire transition. Once again considerable creep oc­
curred at the highest part oi' the run, but with the transi­
tion about ll|.0*C below the melting point, this effeot was 
not so great as to prevent the measurements from being made. 
The results are shown in Pigiire 13• 
The high temperature anomaly is an extremely small one, 
so small, in fact, that the creep was sufficient to mask it 
almost completely in the warming direction. In the cooling 
runs, however, since the creep added to the thermal expansion 
rather than opposed it, the change In volume due to the trans­
formation was readily observable. Xa found here, the anomaly 
occurred at 790® - 793*C, and Involved a change in volume of 
only 0*1 per cent. This transition temperature agrees well 
with the 790® - 795*C reported by Herrmann (1^ .) for the anonia-
ly In electrical resistivity, and with the plateau in the 
cooling curve at 798*C as reported by Spedding and Daane (8), 
The effect is consistent with the general rule that transfor­
mations Involving a volume Increase are accompanied by an In­
crease in electrical resistivity. It is rather surprising, 
however, that the dilatometrlc effect Is so slight when the 
effects on resistivity and on the cooling curves are so great. 
The coefficient of expansion of praseodymium la shown 
In r'igure II].. The disagreement at high teo^ eratures between 
WARMING 
COOLING 
4 -
-4 
100 200 300 400 500 GOO 700 800 900 1000 0 
TEMPERATURE,®C 
Plgtire 13. Thermal E:Q)ansion of Praseodymium 
/ 
16 
12 
4 / 
I 
O 
o 
«p 
O 
X 
O 
8 
A COOLING 
•  WARMING 
o COOLING 
o 
vn 
O 200 400 600 
TEMPERATURE,°C 
800 1000 
Figure 111-. Expansion Coefficient of Praseodymium 
66 
the cooling and warming runs la simply the result of the 
creep which occurred In this region. The room temperature 
value, 1+.2 x 10"^  Is considerably less than the value 
previously found by Barson, Legvold, and Speddlng (13)» about 
5.14- X 10"^  •c"^ . 
Neodymlua 
Neodymlxim, whose high temperature tranti'ormatlon had 
been reported over l50*C below Its melting point, offered 
another opportunity to make dllatoreetrlo measurements which 
would Include this Interesting region. The results of these 
measurements, shown In r'lgure IS, were similar to the results 
with praseodymium. 
The temperature of the anomaly was about 867* 1 2*C, 
which agreed well with the thermal arrest found at B66*C by 
Speddlng and Daane (8) and the anomaly of electrical resis­
tivity at 861® - 863*C found by Herrmann (k)• As with pra­
seodymium, only a small volume change occurred, about 0.1 
per cent* 
There was no evidence of an anomaly in the region 600*u 
to 650®C as reported by Trombe and i^ 'oex (39) in their dil-
atometric study, unless this corresponded to the anomaly 
found so much higher in the present work* r'rom a comparison 
of the natxire of these anomalies, however, this seemed 
doubtful* 
The expansion coerflclent of neodyniiim la shown in 
i^ igure 16. The reproducibility was rather good even at 
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higher temperatures, since the amount of softening was not 
too groat below about 850*C, A alight rise In the coefficient 
above about 650*G seemed to be fairly general for the higher 
melting rare earths In which this range could be covered. 
The room temperature coerrlolent of expansion was found to be 
about 6.3 X lO"^  which Is In only fair agreement with 
Trombe and I'oex'a (39) value of about 7 x lo"^  •c*'^  and Bar-
80H Legvold, and Speddlng's (13) value of 7.1 x 10"^  •c'^ . 
Gadolinium 
Since the Curie point of gadolinium is only slightly be­
low room ten^ erature, it was very desirable to try to include 
this range, as well as the high tenderature region, in the 
investigation. With a plug in the bottom of the furnace^  the 
power was left turned off and some liquid nitrogen poured in­
to the furnace tube to cool it. The temperature was allowed 
to rise normally until the rate of warming became inconvenient­
ly slow, and then the furnace was t\u:*ned on to increase the 
temperature more rapidly. The temperature control was poor 
by this method, the rate of warming being very rapid below 
-100*0 especially. Since the equipment was not properly test­
ed and calibrated in this range either, the results can only 
be claimed as seml-quantltative. It Is believed that they 
are fairly accurate above -5o*C, however, and qualitatively 
correct over the entire region covered. 
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The expansion of ijadollnluni, including this low tempera­
ture re^ jion. Is shoim In t'lgure l7. I'or a fairly large range, 
botwoen -!4.0®G and +29*0, the sanple contracted with rising 
teraporaturoj that Is, the coefficient was n©tjatlve. This la 
opijoslte to the behavloiir of the classical ferromagnetics In 
which the expansion Is enhanced by an additional positive 
quantity upon passing through the Curie point. The data of 
Trorabe and f'oex (1)6) exhibited a long plateau, or region of 
zero expansion, below the Curie point* This is still in 
fairly good agree^ nent with the present work, considering the 
fairly small size of the effect. 
The expansion ooeffiolent, shown in r'lgure 18, seemed 
to indicate the beginnings of this effect, however slightly, 
at temperatures as high as 150*C or 200*C. In the high tem­
perature re£;lon, the rather sharp increase of the coefficient 
above about 600*C was again evident. The reported slight 
transformation with hysteresis, found by Trombe and r'oex (1^ 6} 
between 100®C and 200*G, was not confirmed by the present 
work. 
Terbium 
For terbium, with a Curie point tentatively identified 
at about -1|.0®C, the method described above for achieving low 
terqperature measurements was again of value. The same re-
narka regarding the accuracy in this range apply, however. 
The resulting expansion curve is shown in t<'igure 19* Again 
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It la seen that a recion of nocatlve expansion appeared, the 
contraction being even more pronounoed here with Increasing 
temperatiire than In the case of gadolinium. By analog;;? with 
the expansion of f^l^ dollnlum, one might expect that the Curie 
point Is Indeed In the neighborhood of -UO®C, although of 
course the Curie point Is actually defined magnetically rath' 
er than by anomalous behavloxir In other physical properties. 
In the high temperatvure region, a discrepancy appeared 
in the curves over the region from 700*C to 800*C. The data 
were not reproducible to the usual degree, and while the dls-
crepancy seemed too slight to Indicate a true transformation 
still It seemed also too great to Ignore. It seems most 
likely that stresses were Introduced when the sample was rap' 
idly cooled for the low temperature work, and that the anoma 
ly observed Is an annealing process. 
The expansion coefficient of terbium Is shown In x-'lgure 
20. The anomalous behavloiur at high temperatures Is grossly 
exaggerated by such a plot. Elsewhere the data are smooth 
and reproducible but Indicate once more that the oncoming 
magnetic transformation seems to affect the expansion of the 
metal over a surprisingly large temperature interval* 
Dysprosiiua 
The expansion of dysprosium above room tenqperature is 
shown in Figxire 21* A slight hysteresis loop was observed 
between about 650*^ 0 and 900*C. The change in volume 
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ropresentod by this anomaly was not sharp and was more notice­
able In the warming than In the cooling runs. A change In 
volume of less than 0.1 per cent was Involved, Here again it 
would be of interest to see studies of other physical prop­
erties made, particularly a high ten^ jerature X-ray crystal 
analysis, if possible. Figure 22, the coefficient of expan­
sion of this metal, shows that the runs were smooth and re­
producible outside of the high ten^ erature region mentioned* 
A room ten5)eratvire coefficient of expansion of about 9*5 x 
10""^  *0"^  was indicated. This was considerably higher than 
the values reported by Trombe and Poex (So) and Barson, Leg-
void, and Speddlng (13), who fovind the room teii5)erature value 
around 8 x 10"^  It might be recalled that the spectro­
scopic analysis of the present san^ le of dysprositim indicated 
0.5 pez* cent tantal\im, 0.2 per cent calcitim, and perhaps 0.1 
per cent terbium. This relatively high Impurity content may 
have affected the expansion of the sample. 
Erbliun 
The expansion of erbium, shown in Figtire 23, was grati-
fyingly smooth and reproducible. No evidence was observed 
of any transformations between room teiiq}erature and 900^ 0. 
Flgiire 2l{. shows the expansion coefficient of erbium. 
Its room temperature value was found to be 9.14- x IC^  •c"^ , 
which is in fairly good agreement with 8.9 x 10-6 •c"l ob­
served by Barson, Legvold, and Speddlng (13) and with the 
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estimate of 10 x 10"^  from the X-ray orystallographio 
data of Banister, Legvold, and Spedding (Ul)* 
Ytterbium 
The least satisfying results oi" all were obtained with 
ytterbium. As seen In i^ 'igiire 25, there was appreciable scat­
tering of the points about a smooth curve, and also a very 
strange anomaly at high tei!5)eratures. The second cooling 
run was \mfortunately interrupted by a failure in the elec­
trical parts of the recording equipment so that only a small 
portion of this run was obtained. Over this portion, how­
ever, down to about 700®C, the results were Identical with the 
first cooling r\m. 
In performing this experimental work it was believed 
from the appearance of the strip chart at the high tempera­
ture end that the sample had softened and was shoving signs 
of creeping. However, when the expansion curve was plotted 
and showed no net shortening of the 8ait^ }le upon its return 
to room tenQ)erature, this seemed to Indicate that a true 
transformation was occurring at high teng)eratures. The high­
est ten^ erature attained was still at least 2$°C below the 
thermal arrest detected at 79&®C by Speddlng and Daane, al­
though the anomaly observed may have corresponded to this 
transformation. 
Ytterbium, with its very high vapor pressure, was ex­
tremely volatile during the high ten5)erat\ire part of the r\in. 
24 
WARMING 
-•lo « 
<3—1 8 COOLING 
100 200 300 400 500 600 700 800 900 1000 
TEMPERATURE ®C 
Figure 2$, Thermal Expansion of Ytterbiiun 
63 
and a quantity of the metal was deposited as tiny crystal­
lites in the cooler portions of the sample holder. There 
still remains the possibility that this interfered with the 
proper operation of the dilatoraeter. It would seem desirable 
to repeat these measurements to check the observed data, but 
In view of the high volatility of the sample, it was thought 
beat first to complete the use of the equipment on other 
samples* 
The expansion coefficient, shown in figure 26, was ex­
tremely high for a rare earth metal* The room temperature 
value of 25 x 10"^  la about three times that of other 
elements in this group. In view of the differences in other 
physical properties which this element exhibits, and its 
chemical divalence compared to the usual trlvalence of most 
rare earths, this is perhaps not too unexpected* 
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DISCUSLilOW 
High Ten^ jeratxire Creep 
The phenomenon of creep has been a subject of lively 
Interest ataong physicists and metallurgists for some time* 
In view of the flow of several of the rare earths at high 
temperatures, a few comwcnts on creep In metals are appro­
priate. 
Andrade (75) found that the ohan^ ie In leiii^ th of a metal 
as a result of creep under tension followed the expression 
L = Lo(l + ;0tV3) where LQ and L are the lengths at time 
zero and time t respectively euid ft and k are constants at a 
given tenperature and stress. The term represents a 
rapidly decreasing flow called transient flow or p flow. The 
term in k arises from a constant rate of flow per unit length 
 ^s k. Since k is usually quite small, this is approxi-
L dt 
mately a uniform increase of length with time and is called 
quasi-viscous flow. As the stress or temperature is Increased, 
the value of /3 increases somewhat but then levels off to a fair­
ly constant value* The value of k, however. Increases rapidly 
and continuously as the tenqperatvu?e or stress is Increased. 
Hence, at elevated temperatxires it is the viscous flow which 
predominates. It Is this which apparently is the cause of 
the permanent deformation observed in the present measurements 
on the rare earth metals* 
A review of earlier papers on the mechanism of creep was 
given by Nabarro (76). The process of transient creep was 
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found to occur largely by slip In the individual grains and 
Is usually explained as due to the motion and interaction of 
dialocationi. within the crystal, ''.uaai-vlscous creep in­
volves a motion of the individual grains relative to each 
other una hence involves the grain boundary. 
As Orowan (77) pointed out, however, quasi-viacous creep 
also occurs in single crystals, so that a mechanidm involving 
the structure of the j-ralns themselves must also be involved. 
More recently Betteridge and Franklin (78), by dex'orraing a 
sample ox a tin-antimony alloy and exajnlning it itiicroscopi-
cally, found three distinct phenomena: viscous flow at the 
grain boundaries, general slip within the grain, and local­
ized strain within txae grain which retsulted In a iaubdlvision 
of the ::rains into a "cell structure". 
These phenomena, involvln£i dislocations, lattice vacan­
cies, and other crystalline imperfections, might well explain 
the extremely diffuse X-ray diffraction patterns obtained 
from the rare earth metals. The surprising thing here was 
that the creep rate should be so great for as small a load 
as the sample was subjected to in the dilatometer. It may be 
that the high ten^ erature transition, with its accompanying 
recrystalllzatlon, resulted In an Increase of disordered 
material in the metal. This would be consistent with the 
large changes in the electrical resistivity and in the cool­
ing curves found for these metals. 
Expansion and the Curie Point 
A review of material dealing: with expansion in the neigh­
borhood of the ferroraar.netio Curio point ia (jiven by Bozorth 
(79). The Collowinc r'»niarks, except where otherwise noted, 
are taken from this source, which also includes a list of 
references. 
The subject is conveniently discussed in terms of Bethe's 
curve showing the exchange integral Ox magnetization as a 
R function of y, where fi is the atomic radius and r is the ra­
dius of the incomplete inner electronic shell associated with 
the ferromagnetism* At small values of this ratio (atoms 
close together compared to the radius of the unfilled shell) 
Bethe's calculations showed the exchange Integral to be nega­
tive, corresponding to a tendency towards anti-parallel 
alignment of the electron spins in adjacent atoms, or anti-
p 
ferromagnetisin. Por values of — greater than about 1.5, how­
ever, the exchange interaction becomes positive, correspond­
ing to parallel spin alignment, or ferromagnetism* The inter-
R 
action reaches a positive maximum for some value of ~ greater 
than 1«5 and then decreases to zero asyriQitotically as the 
distance between atoms becomes leu>ge conq>ared to the radius 
of the incomplete inner shell of electrons* 
ferromagnetic materials must have a positive exchange 
interaction, but they may lie either to the right or to the 
left of the maximum in Bethe's interaction cxirve* f'or metals 
lying to the left of the maximum, a decrease of the atomic 
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radius, suoh as by compression, would cause a decrease In the 
magnitude of the exchanije intet^ ral and hence a lowering of 
the Curie point, For metals to the ri^ jht of the maximum, 
pressure would cause an increase in the Curie point* Both 
cases have been observed experimentally* 
One of Ehrenfest's equations for second order transi-
P ? 
tion shows that at the Cvirie point s  ^* 
Here the superscripts refer to the ferromagnetic and para-
u* P 
magnetic states* Since C^  - is positive, it can be seen 
that the coefficient of expansion should be greater in the 
paramagnetic state for metala lying to the left of the maxi­
mum in Bethe's curve, and greater :in the ferromagnetic state 
for metals to the right of the maximum* This follows from 
the pressure-dependence of the Curie point, as discussed in 
the preceding paragraph* 
For gadolinium, the ratio of the atomic radius to the 
radius of the l+f shell ia given by Bozorth as 3»1* This 
would place the metal rather far out to the right of the max­
imum on the interaction curve, and would predict a slight de­
crease in the expansion coefficient on passing through the 
Ciu»le point in a warming direction* The experimental evi­
dence found in the present investigation, as well as that of 
Trombe and Foex (I|.6) showed the effect to be Just opposite to 
this. Prom the arguments above, this indicates that gadolini­
um should really lie to the left of the maximum in the inter­
action curve. Terbium, with its negative coefficient of 
09 
expansion In the region of the Ciirle point, should also be 
located to the left of the maximum In the carve, 
Zener and Helkes (80) have enumerated several typos of 
e:xchange other thsm direct exchange between the Incomplete 
shells# It seems that In the case of the rare earths, where 
the Incomplete shell Is burled rather deeply In the atom, 
that Indirect exchange would occur and that one may no longer 
locate the metal correctly on the Interaction curve relative 
R to metals of the Iron group by calculating ~ for the l;f shell. 
Perhaps using the radius of the Incomplete 5d shell would re­
duce the value of S to place gadolinium and terbium to the 
left of the maximum. 
Another effect which was noted with regard to the re­
sults of the present Investigation was tliat the expansion co­
efficient was evidently affected by the loss of mat^ netlsm 
over a rani_rc extended more tlian a hundred degrees above the 
true Curie point. It Is Interesting^ : to note that a similar 
effect vas observed by Nix and MacNalr (65) In the expansion 
of Iron and nickel and by Mott and letter (81) In the tem­
perature coefficient of electrical resistivity of nickel. 
The last authors explained this as being due to something 
like short range order which remains after the breaking up 
of the large Weiss domains at the Curie point, the last bit 
of this order vanishing gradually at higher temperatures. A 
similar "tailing off" of the ma;_;netl8m Itself above the Curie 
point Is described by the Ciurle-Welss law. 
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The Gninalscn Cons bant 
All or tha physical constants for (ioterilnln^ ; the Grii-
nolaen oonstnnt, V= have boea ox.jorlmentally loasurod 
for oovorsl rnombors oX' the rare earth (-roup, Brld^ ;:aan (57) 
.•noasured corjproasibilitloa and donsltica, ami tiio present in­
vestigation, as well as others previously, supplied thornial 
expansion data. Atomic heats were obtained fr0;7i the results 
o" Parkinson, Simon, and Speddin^ j (2!}.) by a rather bold ex­
trapolation to rooi temporaturo, and froi the data of Skoch-
dopole, HrifCel, and Spedditit: (55, U5)« Room toriporature 
values of thoao physical properties were used except in the 
cases of (~adoliniuin and cerium where hiirher teMperaturo val­
ues were used to avoid the effect of transitions. It was as­
sumed that the compressibilities changed but little with tem-
peratxiro. The resultini; Gruneisen constants for several of 
the metals arc listed in the column headed V,-.- in Table 1. ul* 
It is seen that the values ranged fro:a 0»25 for cerium 
to 0.90 for erbium, all of which are very much loss than the 
usual value of about 2.0 for most metals. In view of tlils 
discrepancy, a second method for calculat5.n£ the GruneiGen 
constant, due to Slater (82)^  was employed. If the compres­
sibility of a substance is expressed as a function of prea-
AV o 
sure In the form = -aj_P + agP , where V is the volume, P 
the pressure, and and constants, then it can be 
V ®2 2 
shown that o = ^- -r. With a few exceptions, the values 
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Table 1« Grunelsen Constanta of Sevex'al Rare Iiiarth Metals 
Metal 3^1 
r a^ 0.29 1.6 
Ce 0.25 -11. 
Pr 0.27 0.8 
Nd 0.1»2 1.0 
Gd 0.63 1.5 
Dy 0.7i; 1.2 
Er 0.90 1.2 
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of d^etermined In these two Independent wa;/s are generally 
In fairly good acreement and ran^ -.e rrom about 1,5 to 2.5• 
The coefficients a^  ^ and a^  were determined approximately 
from Brldgman's compressibility data (5-7) and the resulting 
Grunelsen constants, listed in the last column of 
Table 1» In the case of cerliun, the lar(_;e negative value in­
dicates that the corapresslblllty increased rauidly with In­
creasing' pressure rather t^ ian decreasing nor.'aally# This was 
doubtless due to the oncomlri£ transition to the condensed 
for:n, so that this value of ^ 33^  is not particularly meaning­
ful, In the remaining cases the values are still somewhat 
below the values commonly found for metals, but are in much 
better agreement than those calculated from the other physi­
cal properties. 
It is inconceivable thi\t the experimental values could 
be in error by so large an amount. Assumptions made in the 
derivation of these expressions for Grunelsen's constant are 
that the modes of vibration of the lattice all vary as the 
Inverse ^  power of the volume, Eoid that the Polsson ratio bo 
independent of volume changes. It may be that one or both of 
these aasu]i5>tlona is poor for the rare earth metals. 
Expansion euid the Melting Point 
Attempts to correlate the observed expansion of the rare 
earth metals with their melting points, as has been done for 
other metals, met with no more success than did the calcula­
tions of the Grunelsen constants. 
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BonfIfjlloll and "ontaleutl (2) reported the erapirloal 
relationship cx TJQ = constant, vihore o< Is the room ter^ jeratiire 
coefi'lcient of linear expansion and Tv^  is the meltim, point 
on the absolute temperature scale, /or Tace-oentered cubic 
metals they found thiit oCTm ~ 2«08 t 0*22 per cent, while for 
hexagonal motals it was 2.05 1 0.10 per cent. Of the face-
centered cubic metals investigated here, the value for this 
product was fouiid to be 0.60 per cent for cerium, ignoring; 
the anomalous Increase in the expansloi coefficient at room 
temperatxu?e, and 2.7 per cent for ytterbium, f'or the hex­
agonal metals, the product was follows; lanthanum, 
0.57 per cent; praseodymium, O.^ l per cent; noodymlum, 0.62 
per cent; radollnlvun, about 1.2 per cent, takini; oi above the 
anomalous room temperature value; terbium, about 1.5 per 
cent; dysprosium, 1.7 per cent; and erbium, 1.7 per cent. 
Ilxcept for ytterbium, the observed expansion Is lower than 
that predicted from their melting points, particularly for 
the first members of the rare earth series. This may be due 
to the hi$"h temperature transitions, for the meltinj^ ; would 
then occur from a different crystalline form. However, since 
the relationship la only empirical in the first place, it may 
simply not be a general one. 
9lv 
SUMJJIAIiY 
A hli::h temperature dilatometrlc invoatiijatlon oi' the 
rare earth nietals waa undertaken as part or a broad program 
of stud^ ' oV these elements, the ultimate goal belnt: b&tter 
xinderstanding of metals in tjeneral. Tlie more immediate i'oal, 
in addition to determining the coerficients of expansion 
quantitatively, was to detect evidence of any crystalline 
transformations which may occur and partlculai'ly to cast some 
light on certain high temperature transitions already discov­
ered In several of these metals. The rare earth metals in­
cluded in this investigation were lanthanum, cerium, praseo­
dymium, neodymlum, gadolinium, terbium, dysprosium, erbium, 
and ytterbixim. 
In view of the hl;-chly reactive nature of these elements 
at hi^ h temperatures and their relatively small thermal ex­
pansion, it was neccssary to design and build a somewhat spe­
cialized dilatometer. The device employed consisted essen­
tially of a quartz-tube and dial-indicator dilatometer in 
which an optical interferometer replaced the dial-indicator 
gauge. This Increased the sensitivity of the Instriuaent and 
made possible automatic recording of the results by means of 
a photomultlpller tube which detected motion of the Inter­
ference fringes. Provision was also made for controlling 
and recording the sample ten^ jerature automatically and for 
placing an inert atmosphere about the sample during the coxirse 
of the run* It was estimated that this apparatus was capable 
9^ 
of determining the coefl'lclent of expansion to about t 0,2 x 
10"^  ®C"^ , some 2 or 3 per cont of the value for a typical 
rare earth metal. 
Room temperature values of the coefficients of expansion, 
except In the case of ytterbium, were found to ran^ e^ from 1;»2 
X 10"^  *0"^  for praseodymium to 9*5 x 10"^  *0"^  for dyspro­
sium. For ytterbium, a motal which assumes a divalent chem­
ical form In compounds and generally has properties differing 
from most other members of the rare earth series, a room tem-
peratiire coefficient of 25 x 10"^  *0"^  was observed. 
An Indication of the hexa/jonal to face-centered cubic 
transformation in lanthanum appeared as a voltme change, with 
hysteresis, between about 200®C and 320®C. The hl^ jher tem­
perature face-centered cubic modification was formed with an 
accon^ janylnc decrease In volume of some 0.3 per cent. 
It was found that In the lower melting metals an exces­
sive amoxint of creep developed at high temperatxares, due. It 
was thought, to a rapid Increase In the number of lattice 
Imperfections. This creep was so great that it was Impossi­
ble to take usable data through the refiions of the hl^ h tem­
perature transitions of lanthanum and cerium. In the cases 
of praseodymium and neodymlum, however, evidence of hi^ h tem­
perature transitions could be observed. These appeared as 
very slight volume changes, the higher ten^ erature form of 
both metals being about 0.1 per cent larger by volume than 
the modification below the trcuisformation temperature. In 
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praseodymluin this anomaly occurred at 790® - 793*C, while in 
noodymlum It took place at about 867®C. 
Since the Curie points of gadolinium and terbium had 
been reported not far below room temperaturo, an attempt was 
made to include this region in the study of these two metals 
by cooling the furnace prior to the runs. It was found that 
both of these metals exhibited a negative coefficient of ex­
pansion over a ran;^ e of temperatures near to their reported 
Curie points, gadolinium from -1;0®C to +28*G, and terbium 
from -100®C to -UO®G. 
Dysprosium displayed a slight hysteresis loop in its ex­
pansion between 650®C and 900®C. Ytterbium apparently under­
went a transformation of some sort in the high temperature 
region; however, the very hif:h volatility of this metal may 
have interfered with the operation of the instrument, and 
this conclusion must be labeled as somewhat tentative for the 
present. 
• # 
Attempts to cdculate the Grunelaen constant from meas­
ured physical properties, includinc the expansion coefficients, 
resulted in values which were extremely low as corr^ jared with 
other metals. A second calculation of the same constant from 
compressibility data cav® results which were somewhat hii.;her, 
but still lower than the anticipated values. Atten^ ts to 
correlate the thermal expansion of the rare earth metals with 
their melting points met with similar failure, the expansion 
being in moat cases much lower than would be expected from 
comparison with other metala* 
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APPETOIX; ^X?ANi3I0N DATA 
loll. 
Table 2a. Lanthanum, Run 1 (Warming) 
Ten^ )., *0 X 10-^  Temp., ®C ilil X 10^  
Lq 
huh 
L7.0 
53.0 
61.8 
72.3 
blf.6 
97.6 
113.0 
128.6 
W.lv 
165.9 
181|.9 
206.7 
231.2 
25U.7 
279.6 
297.7 
303.5 
306.8 
309.5 
0.017 
0.052 
0.077 
0.117 
0.171 
0.2H3 
0.326 
0.1+19 
0.501 
0.595 
0.707 
0.821; 
0.971 
1.136 
1.295 
l.lv61 
1.578 
1.5143 
1.3^  
1.072 
313.1 
316.9 
329.0 
357.3 
385.6 
l}lo.6 
1436.9 
I463.O 
li.90.9 
518.8 
51^ 7.5 
57I1.9 
603. It 
629. U 
655.3 
680.1^ 
705.14. 
736.2 
760.6 
779.5 
O.82I1. 
o.7UJ| 
0.769 
1.001 
1,231 
I.I436 
1,652 
1.879 
2.131+ 
2.1+11 
2.710 
3,002 
3,2U5 
3,5^  
3,867 
l+,ie2 
h.k7l 
U.962 
5.060 
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Table 2b. L&nthanvun, Rvm 1 (Cooling) 
Temp., ®C ^ X 1(P 
0^ 
775.14. l+.92l| 
762.8 k>72k 
7UB.8 1]..506 
726.3 lv.l90 
70k. 7 3.897 
681.9 3.602 
657.3 3.296 
637.1| 3.031 
615.5 2.776 
591.1^  2.503 
567.1 2.285 
5l42.lv 2.022 
516.9 1.714-7 
k92»9 1.500 
I469.O 1.280 
I4i42.6 1.036 
U16.1 0.797 
390.8 0.582 
Temp., ®C ^ X 10^ 
366.5 0.366 
3142.14. 0.167 
317.3 -0.033 
293.9 -O.21I4. 
268.7 
-0.U03 
2I45.7 -0.578 
23k»7 -0.652 
222.8 -0.I4.98 
207.2 -o.lio5 
181.3 -o.li6i 
161.7 
-0.550 
ll43.lv -0.639 
125.5 -0.732 
108.5 -0.81I4. 
9lv.3 -0.872 
80.8 -0.923 
71.0 -0.962 
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Table 2c• Lanthantur, Run 2 (Warming) 
Tesnp., ®C X 10^  Te/np., ®C ill X 10^  LQ 
25.5 0.011 U72.6 2.330 
32.1 0.030 500.^ .^ 2.556 
36.5 0.063 528.1 2.862 
ue.a 0.115 555.2 3.1i;8 
59.2 0.175 587.9 3.521 
71.8 o.2ia 616.7 3.858 
8I4.7 0.310 6I13.8 I1.I66 
99.3 0.390 670.8 l;.ii79 
115.5 0.U83 696.0 1^ .780 
135.14- 0.600 72k. 8 5.126 
157.1 0.729 1SS.2 5.502 
177.0 0.852 781i.O 5.851^  
195.8 0.993 8lU,l4. 6.118 
221.3 I.II46 826.0 6.157 
2Ult.6 1.312 839.9 6.071; 
269.B 1.U88 8k9.8 6.017 
292.6 1.636 855.2 5.880 
300.0 1.666 858.3 5.686 
308.6 1.562 860,6 5.519 
311.7 i.3ia 862.3 5.353 
311^ .5 1.1U3 863.9 5.186 
320.0 1.028 86k. 7 5.019 
1.19U 865.7 I1-.853 
370.7 l.k05 865.0 I4..685 
39U.8 1.627 8614..9 1^ .517 
1^ 19.7 1.81t2 861^ .7 11..350 UJ;8.1 2.093 86I+.5 I4..I82 
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Table 3a. Cerium, Run 1 (Cooling) 
Temp., ®C X 10^ 
I»o 
698.2 3.860 
690.14 3.785 
671|.k 3.626 
653.7 3.I1.OO 
627.9 3.183 
606.6 2.981 
583.8 2.801 
559.9 2.608 
531^ .9 2.U12 
508.6 2.213 
W3.3 2.012 
1.815 
I»25.i 1.605 
397.9 1.U26 
373.3 1.259 
3U6.9 1.080 
323.1 0.926 
298,6 0.766 
Temp., ®C iill X lO-^ 
275.5 0.619 
252.5 0.U78 
235.3 0.365 
212.3 0.2142 
190.7 0.109 
171.7 -0.011 
151.1; -0.138 
13U.1 -0.251 
117.0 -0.363 
101.1|. -o.l;7i; 
81;.5 -0.579 
71;. 1 -0.669 
63.6 -0.7146 
53.5 -0.818 
U6.2 -0.875 
U.2 -O.91I4-
35.U -0.961}. 
33.0 -1.008 
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Table 3b. Cerium, Run 2 (V/araiing) 
Temp., ®C ill X 10^ 
21.8 o.ooa 
27.3 0.07l 
31+.8 0.120 
U3.7 0.199 
0.282 
66.0 0.373 
73.2 0.1463 
93.2 0.567 
110.k 0.686 
129.5 0.810 
11^ 9.1 0.936 
169.1 1.056 
191.2 1.181+ 
215.U 1.326 
2U0.ii. 1.U71+ 
265.9 1.629 
291.7 1.790 
Temp., ®C ^ X 10^ 
318.2 1.956 
3^ 6.1+ 2.137 
37k.9 2.321]. 
Ii.01.9 2.50lv 
[t2a.2 2.682 
ll55.6 2.871; 
I^ -Sl.l 3.057 
508.0 3.253 
535. 3.i|S8 
561;. 9 3.693 
593.3 3.917 
621.7 li-.lSl; 
61i6.0 1;.361; 
671.5 1+.593 
699.5 U.822 
721.9 lv.952 
725.5 U.92I1. 
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Table 3o. Cerium, Run 2 (Cooling) 
Temp., *0 10^ Temp., *0 ^ X 10^ 
o^ 
716.6 1|.526 306.8 1.230 
706.1^  4.371 203.1^  1.082 
683.5 1+.167 259.9 0.935 
668.3 3.971; 238.2 0.601 
61|3.5 3.733 215.7 0.660 
616.2 3.1^ 6 192.8 0.520 
587.2 3.2li3 172.8 0.393 
560.9 3.025 152.6 0.267 
535.3 2.819 132.0 O.lijl 
509.8 2.621). 0.028 
1^ 82.9 2.1)22 98.6 -0.077 
lv55.7 2.226 83.1 -0.181 
li30.o 2.0h2 69.7 -0.279 
1^ 06.5 1.877 55.5 -0.382 
382.8 1.721; la.8 -0.1;91 
358.8 1.561; 33.0 -0.561 
332.1 1.390 29.5 -0.593 
110 
Table Ua* Praseodyinlun* Rim 1 (Cooling) 
Temp., *0 X 10^ Temp., •C ^ X 10^ 
t-o o^ 
826.5 3.676 
810.3 2.965 
793.0 2.321 
790.5 2.236 
787.9 2.129 
783.0 2.021 
791^.8 2.h28 
771.3 1.756 
751.9 i.wa 
729.2 1.1U5 
703.5 0.876 
680.3 0.614-8 
655.6 0.U15 
630.7 0.192 
6ol]..3 -0.032 
579.U -0.236 
552.0 -0.U48 
52l|.2 -0.6>9 
14.97.2 -0.658 
l^£9.1 -1.0511. 
I1J42.8 -1.233 
U16.6 -l.k07 
389.9 -1.577 
3611.3 -1.736 
336.3 -1.906 
312.1; -2.0^ 8 
286.0 -2.202 
262.2 -2.338 
239.1; -2.1463 
21I+.O -2.601 
192.0 -2.7114-
170.9 -2.822 
150.7 -2.14214-
132.8 -3.013 
llk.O 
-3.103 
97.2 -3.181 
82.6 
-3.2146 
67.6 
-3.312 
1^ 6.0 
-3.1f0l 
31). I4. -3.1460 
21). 2 -3.502 
Ill 
Table ip3. Praseodymium, Run 2 (Warming) 
Temp,, ®C  ^X 10^  
"0 
Ten^)., *0  ^X 10^  
Lo 
22.9 0.009 1 0^2.1 2.0314-
26.9 0.027 2.226 
31.6 0.050 II58.9 2.lvl9 
38.2 0.079 U81V.9 2.603 
U8.5 0.126 513.1 2.815 
58.2 0.173 5iaf.7 3.061 
71.5 0.233 575.lt 3.310 
8I4..0 0.293 602.7 3.535 
99.8 0.36ii. 630.1 3.776 
115.7 0.1|37 659.2 k.039 
135.0 0.527 687.6 k.301 
155.3 0.6214- 715.2 1|.568 
175.6 0.725 71^ 7.9 k.86k 
197.8 O.8I4.O 77G.k 5.132 
220.8 0.960 789.7 5.227 
2I16.5 1.10k 792.0 5.266 
272.8 1.2lv7 797. k 5.305 
300.14. I.I1O5 807.9 5.357 
321^ .3 1.551 816.6 5.377 
350.1^ i.7o5 833.0 5.291; 
375.2 1.858 
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Table Uc. PraseodyTnlum, Run 2 (Cooling) 
Temp., ®C X 1(P Temp., ®C  ^X 1(P 
831.1 
818.9 
79G.O 
79U.2 
792.0 
739.6 
786,1; 
782.0 
776.2 
769.8 
76i|.2 
759.2 
75;U.9 
727.1 
698.5 
669.6 
6I1J4..9 
618,6 
592.5 
56-^ .8 
539.6 
5li|.2 
U89.2 
I1.93I 
I+.522 
Ij.. 066 
3.979 
3,872 
3,780 
3.683 
3.575 
3.31+1 
3.251; 
3.177 
3,111 
2.76l<. 
2.k76 
2.218 
1,979 
1.755 
1.51+1 
1.325 
1.137 
0.954 
0.776 
1+63.8 
lt38.l; 
1^ 12.9 
386.2 
360.3 
336.7 
310.2 
288.5 
265.2 
2l|2.2 
218.2 
195.9 
173.3 
152.6 
133.0 
llk.O 
96.8 
81.5 
69.0 
lp3.1+ 
0.601 
0.1+33 
0.275 
0.103 
-0.055 
-0.198 
-0.31a 
-0.1+77 
-0.609 
-0.731+ 
-0.861 
-0.976 
-1.090 
-1.187 
-1.278 
-1.362 
-l.U+1 
-1.507 
-1.561 
-1.651 
-1.701+ 
-1.731+ 
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Table Neodymlum, Hun 1 (Cooling) 
Temp., ®0 Mi X 10^ Temp#, ®C iii X ICp 
LQ Lo 
911*1+ 6*580 
896*2 6*321+ 
876*5 5-991 
870*7 5^ 888 
867*7 5-751+ 
865-2 5-591+ 
862*9 5-1^ 3 
857*5 5-298 
851*6 5-237 
827*1 1+-871 
805.6 1+-527 
779.1 1+.165 
752*0 3*830 
72li.O 3.526 
700.2 3-230 
67U.7 2.91+3 
61f8.0 2.661 
623.14- 2.390 
596.6 2*150 
572.9 1*926 
5U6.6 1.686 
517.1 1.U37 
1^ 91.2 1*181+ 
l+61+*l+ 0.951 
l|38*9 0*725 
I1I3.7 0*508 
388*0 0*291 
363-1 0-090 
337*7 -0*111 
311*8 -0*318 
287*2 -o*5o8 
262*5 -0*693 
238*1+ -0*873 
215-9 -1*051 
192*6 -I-22I+ 
171.7 -1*369 
11)9*9 -1-511+ 
130.2 -1^61+2 
112*5 -1*758 
95-6 -1*867 
81.8 -1*959 
60.2 
-2*051 
56.3 -2*136 
1+0.0 -2*239 
27.9 -2.319 
111^  
Table 5b. Ileodymlum, Run 2 (Warmlnc) 
Temp., ®C Ml X 10^  Temp., ®0 Ml X 1(P 
0^ Lo 
2I4..2 0.009 381^ .1 2.660 
28,1 0.0U3 kl6.9 2.919 
33.3 0.082 l+k7.7 3.171 
ii.0.8 0.133 1I75.7 3.1;26 
0.190 503.7 3.690 
59.6 0.259 53I4..O 3.956 
72.0 0.3114 563.0 I+.225 
66.3 o.l^  588.3 l+.USl 
102.8 0.^  612.0 14..730 
119.8 0.666 635.6 If. 990 
138.9 0.793 662.6 5.262 
157.8 0.921 687.2 5.565 
176.3 1.060 711^ .5 5.905 
200.8 1.217 753.8 6.208 
225.3 1.396 779.0 6.527 
250.6 1.592 803.5 6.830 
276.0 1.788 828.0 7.11;3 
300.8 1.983 853.1 7.519 
326.9 2.190 865.8 7.67If 
356.0 Z.k26 882.9 7.623 
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Table 5c. Neodymlum, Rvin 2 (Cooling) 
Ten^ )., ®C ili X io3 Temp., *0  ^X 10-3 
LQ Lo 
885.1 7.221 1^ 69.3 2.251; 
871j..O 7.030 Ii4o.o 1.988 
870.5 6.901 iao.9 1.76k 
867.8 6.768 383.7 1.535 
866.7 6.682 360.0 l.3ia 
861^ .3 6.51^ 8 335.5 1.129 
860.3 6.i|M 309.0 0.917 
850.0 6.287 28li..l^  0.721 
828.0 5*995 260.6 0.537 
803.0 5.655 238.9 0.369 
777.0 5.316 216.3 0.202 
753.6 5.030 193.2 0.03k 
729.1 1^ .71^ 9 172.0 -0.106 
707.k 1^ .507 151.6 -0.239 
68114 7 1^ .21+7 132.2 -0.367 
651|-9 3.969 115.3 -0.k83 
626.8 3.723 99.1 -0.587 
60l|.5 3.1v80 83.5 -0.690 
576.8 3.223 7o,k -0.776 
555.0 2.981*. lv9.0 -0.911v 
527.5 2.71^ 8 35.7 -0.999 
500.l]. 2.526 29.0 -1.050 
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Table 6a. Gadolinium, Run 1 (Cooling) 
Temp., "C ^ X 1<P Ten^)., *0 AE: X 10^ 
911-0.2 
932.9 
923.1 
910.0 
888.3 
868.0 
8I16.O 
825.0 
803.8 
782.0 
756.0 
731.U 
706.0 
680.9 
655.0 
6-6.9 
602.14. 
570.9 
514-0.8 
512.6 
I^ 81+.5 
U58.0 
8.9U5 
8.806 
8.623 
8.386 
8.019 
7.690 
7.355 
7.01^ 7 
6.7I1.9 
6.l^ 56 
6.119 
5.815 
5.511 
5.222 
l|-938 
1^ .6U2 
1^ .395 
4.086 
3.799 
3.531 
3.276 
3.035 
I431.8 
liol4..8 
378.8 
353.2 
331.2 
307.9 
285.0 
262.0 
237.2 
215.9 
1911-.1 
173.7 
1514-. 1 
1314.. 2 
117.8 
101.2 
75.1 
61.6 
U4.1 
31.0 
26.9 
2.8014. 
2.568 
2.3I42 
2.122 
1.935 
1.7U2 
1.555 
1.373 
1.180 
1.019 
0.859 
0.711 
o.57It 
0.1+142 
0.338 
0.209 
0.086 
-0.016 
-0.060 
-0.093 
-0.099 
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Tablo 6b. Gadolinium, Run 2 (Warming) 
Temp., ®0  ^X 10^  
-1U3.3 0.027 
-107.2 0.1149 
-89.1 0.226 
-7U.5 0.278 
-61.6 0.311 
-37.5 0.336 
••18.5 0.309 
-6.5 0.265 
10.14- O.1I4O 
16.U 0.06I4 
25.8 0.015 
32.2 0.018 
U3.14- 0.050 
55.14. 0.097 
69.7 0.167 
85.3 0.253 
101.7 0.350 
121.2 0.if7l 
II4O.6 0,597 
160.14 0.735 
181.6 0.888 
205.0 1.066 
227. k 1.236 
250.14 I.I4I3 
275.3 1.607 
Temp., »C  ^X 10^  
301.k 
327.? 
353.9 
379.8 
l40i]..5 
1.812 
2.027 
2.2I48 
2.L1JS8 
2.683 
l|31i.6 
I46L0 
k95.9 
522.9 
550.8 
2.9I42 
3.218 
3.1476 
3.721 
3.987 
579.0 
609.2 
6I42.I4 
671.5 
701.0 
I4.258 
14.561 
[4.906 
5.218 
5.550 
733.7 
761.0 
789.8 
815.0 
8I42.5 
5.931 
6.268 
6.632 
6.969 
7.359 
867.6 
890.0 
911.6 
931.8 
7.732 
8.068 
8.k07 
8.7I42 
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Table 6c. Gadolinixim, Run 2 (Cooling) 
Temji., ® r! Ali X io3 Temp., ®C ii; X 10^  
LQ 
932.3 6.7142 U21.2 2.556 
9l7.i<. 8.I1.79 393.0 2.309 
V00.7 8.177 366.i, 2.078 
877.2 7.789 339.8 1.851 
7.1^ 27 315.14- I.6I4.7 
531.2 7.060 269.7 1.1^ 37 
805;. 5 6.682 261;. 8 1.233 
763.3 6.377 21+1.6 1.0i)l 
757.1; 6.Ola 219.2 0.869 
726.2 5.687 196.0 0.706 
705.7 5.395 175.3 0.563 
679.3 5.090 151;. 1 G.llll 
656.3 1^ .839 I31i.l 0.279 
632.8 i;.582 116.0 0.161; 
606.3 If. 3 02 100.2 0.067 
501.1 l4..0lf9 614..3 -0.026 
555.5 3.790 71.5 -0.095 
527.3 3.519 58.9 -0.159 
502.3 3.285 11.9.7 -0.200 
1^ 7)^ .8 3.028 35.6 -0.2l;8 
W.9 2.793 
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Table 7a. Terbium, .^un 1 (Cooling) 
Te:np., ^ X 10^  Tc^ p., X lo3 
Jjo 
951.7 
931.9 
91'J.k 
893.0 
370.1 
323.5 
801. 
776.7 
750.9 
725.2 
699.0 
671.8 
6141-.0 
613.3 
582.2 
555.9 
529.9 
503.2 
1^76.9 
10^ 9.2 
h21.k 
10.357 
10.052 
9.800 
9.1^81 
9.115 
8.3314. 
8.1^67 
8.11^  
7.798 
7.1^52 
7.116 
6.765 
6.1^51 
6.120 
5.731+ 
5.14-00 
5.101 
1+.817 
11..526 
l|.2l+6 
3.95lt 
3.661 
397.1^ 
372.3 
351.6 
326.0 
301.3 
277.9 
255.1 
229.14-
208.1 
135.7 
165.6 
114-5.2 
125.9 
108.2 
93.0 
79.7 
65.6 
57.0 
1^ 3.3 
I4O.3 
32.0 
25.1 
3.1^12 
3.150 
2.938 
2.688 
2.1+39 
2.212 
1.980 
1.752 
1.553 
1.3i|3 
1.166 
0.985 
0.319 
0.672 
0.51^ 7 
0.1+28 
0.315 
0.2l|7 
0.180 
0.117 
0.060 
0.010 
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Table 7b. Torblun, Run 2 (yartolng) 
Temp., ili X lo3 Ten^j., ^C. ^ X lo3 
''-IQ i '0 
-1U1.2 0.313 
-129.6 0.363 
-103.1 O.Ull 
-93.2 o.Ulo 
-73.8 0.330 
-60.1 0.172 
-52.5 -O.C13 
—I46.O -0.172 
-U0.7 -0.320 
-33.0 -O.3IO 
-19.5 -0.272 
-5.7 -0.199 
12.1 -0.0Q6 
27.6 0.027 
U0.7 0.123 
5I4.6 0.225 
69.7 0.3U1 
8U.3 O.U57 
101.9 0.60c 
121.9 0.761; 
IUO.2 0.918 
160.1; 1.09U 
181.2 1.282 
20li.l; 1.U92 
22a.U 1.711; 
252.3 1.936 
278.1+ .^175 
30i;.3 2./;25 
331.9 2.692 
360.2 2.976 
386.9 3.252 
i;13.i; 3.531; 
14+0.9 3.821 
1;7Q.2 1;«136 
500.8 l;.L7l 
530.3 U7U3 
559.8 5.071 
586.1 5.371 
615.0 5.721; 
61;5.1 6.10I; 
6n.l; 6.U61 
699.8 6.862 
728.0 7.282 
756.1; 7.731 
783.1 8.167 
811.9 8.658 
836.U 9.127 
66I;.6 9.538 
889.7 9.681; 
911.8 10.180 
938.2 10.5l;9 
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Table 7c. Terbium, Run 2 (OoolinK) 
Tomp., ®C ^ X 103 Temp., ®C ^ X 10^ 
930.1; lo.5I;9 687.1 6.808 
913.8 10.253 660.2 6.552 
901.0 9.990 633.0 6.221 
G79.0 9.672 607.3 5.917 
05^9.0 9.386 531.1 5.607 
037.8 9.081). 556.7 5.383 
813.6 8.61i3 529.6 5.093 
783.9 8.2?5 5oij..o )+.798 
765.6 7.915 U76.8 1^.506 
739.5 7.566 l+.22l». 
7ll;.0 7.229 )|21.2 3.937 
Table 8a* Dysprosium, Run 1 (Cooling) 
Ton^ ). f ®C  ^X 10^  
i^ o 
Temp., ®C  ^X lo3 
Lo 
932.0 9.9lt6 ia5.6 2.992 
919.8 9.77k 386.6 2.66U 
901.8 9.5o8 36l.k 2.378 
882.6 9.195 336.6 2.105 
861.14- 8*886 310.3 1.813 
838.0 8.537 286.8 1.557 
813.6 8.176 262.6 1.300 
788.2 7.808 2ia.3 1.075 
76k.3 7.1+53 219.5 O.8I43 
739.2 7.092 196.7 0.605 
713.5 6.737 175.11- 0.386 
687.k 6.358 15I1.9 0.179 
659.7 5,967 135.2 -0.022 
635 #6 5.6U6 117.9 -0.192 
609.5 5.307 101.2 -0.356 
581^.6 1+.991 86.0 -0.518 
558.1 1+.662 72.8 -o.6ia 
530.1 ^•320 52.2 -o.8ia 
503.6 li.ool 39.3 -0.961 
1+76. k 3.693 26.1 -1.058 
M;6.6 3.326 
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Table 3b. Dysprosium, Run 2 (Warming) 
Ten^ )., ®C AEj X lo3 Temp., "C  ^X 10^  
Lo LQ 
2^,k 0.010 1;36,3 iv.278 
28.2 O.Oii.0 ljj66.i». li.630 
314..3 0.089 li93.l4- i4..960 
ltl.6 0.11;9 520.8 5.303 
50.8 0.23L^ 5lv7.1 5.633 
60.6 0.325 578.5 6.011 
72.9 O.Uko 610.0 6.1i.05 
87.0 0.571 639.8 6.798 
101.9 0.719 666.0 7.183 
120.2 0.891 696.9 7.61|5 
1U0.5 1.085 726.1 8.100 
160.0 1.281 758.l|- 8.608 
182.2 1.501 786.2 9.017 
20l|.li. 1.727 816,k 9,k7k 
228.3 1.965 81|j6.9 9.867 
252.3 2.216 871.14- 10.188 
278.7 2.k91 89U.9 10.550 
30k»2 2.772 921.5 10.672 
328.2 3.051 950.6 11.265 
353.2 3.331 970.0 11.5143 
377.7 3.610 989.8 11.8o7 
i;05.1 3.920 1001.3 11.962 
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Table tio* Dysproslvun, Hun 2 (Coollnij) 
Temp., *0 AK X 10^  
LQ 
Temp,, ®G  ^X 10^  
1000.0 11.9101- hl42,d I;.311 
982.1 11.723 UI5.8 3.981; 
961.5 11.1^ 03 386.1; 3.656 
91]3.5 II.12I4. 360.2 3.358 
919.1; 10.762 33i'..0 3.066 
895.8 10.14-01 308.6 2.792 
871.8 io.oii5 28k.2 2.521; 
6UI|..0 9.636 253.8 2.255 
822.6 9.301; 236.2 2.011 
800.8 9.001 213.2 1.772 
781.0 8.711 190.8 1.535 
756.2 8.360 169.9 1.321 
731.2 7.993 150.1 1.120 
702.8 7.597 130.3 0.919 
677.7 7.223 112.0 0.736 
656.8 6.920 95.9 0.578 
630.7 6.576 ao.8 O.I427 
605.7 6.248 68.6 0.306 
577.9 5.91A 52.9 0.160 
550.6 5.560 LA.I 0.0l;0 
526.2 5.263 30.1; -0.068 
W.7 U.91;7 26.1; -0.105 
t^7U.6 U.623 
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Table 9ft« Erbliun, Run 1 (Cooling) 
Temp., ®C ^ X 10-3 
Lo 
937.7 
926.5 
912.5 
897.3 
873.8 
9.7lli 
9.556 
9.3ltl+ 
9.102 
8.667 
850.5 
329.8 
806.0 
782.0 
76?.5 
8.239 
7.883 
7.1+89 
7.102 
6.770 
735.6 
711.8 
60?.6 
656.1 
629.2 
6.1+00 
6.037 
5.6ii2 
5.2^ 
'-'.912 
598.7 
569.8 
539.5 
507.7 
I179.2 
l!.557 
1|.18I+ 
3.028 
3.1+58 
3.125 
U53.3 
i|27.1+ 2.831+ 2.5l|2 
Tomp., "C ^ X ICP 
L© 
1+01.5 2.262 
3 7'+. 6 1.968 
350.0 1.700 
326.2 1.1^50 
303.2 1.206 
281.5 0.931 
257.8 0.737 
235.1+ 0.511 
212.8 0,280 
192.1+ 0.067 
l7o,o -0.11+6 
150.2 -C.339 
130.8 -0.533 
113.3 -0.701 
97.1 -0.369 
80.3 -1.019 
67.8 -I.ik5 
56.2 -1.2% 
IiM -1.31+7 
35.1+ -1.1;58 
26.3 -I.51t5 
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Table 9b« Erblura, Run 2 (Warming) 
Temp., ®C X lo3 Temp., ®C iil X 10^  
JjO liO 
25.k 0.010 Uoi.o 3,807 
32.3 0.083 h31.2 1+.132 
39.7 0.155 1461,2 i+,li6l 
1+9.6 0.250 1+88.9 1+.777 
60.0 0.356 519,1+ 5.123 
72.2 o.TO 5Il8,l+ 5.1+68 
85.6 0.60lv 575.8 5.806 
100.7 0.753 608.0 6.198 
117.1 0.909 637,2 6,576 
137.2 1.103 665,1 6.951+ 
157.0 1.302 695,3 7,368 
177.0 1.1;96 723,1 7,773 
195.? 1.6811 750,6 b.l95 
216.0 1.898 779,8 8.650 
2I4I.6 2.1iUi 806,9 9.110 
267.8 2.U12 829,1+ 9.1+85 
292.3 2.680 650,7 9.673 
317.5 2.937 880,2 io.lU+0 
3la.7 3.193 907,0 10,970 
369.8 3.1+88 936,0 ll.i+25 
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Table 9o* Erblxun, Hun 2 (Cooling) 
Temp., ®G ^ X 103 Temp., ®C X ICp 
Lo 
929.6 11.33^ 
912.2 11.066 
888.3 10.678 
873.9 10.360 
853.9 10.003 
832.6 9.623 
808.6 9.217 
783.2 8.811 
758.0 6.uii2 
73U.2 8.060 
706.8 7.6kB 
681.2 7.289 
655.6 6.931 
628.0 6.565 
6o2«8 6.2lt2 
576.8 5.917 
55o.il. 5.598 
523.3 5.278 
14-95.7 U.951 
)4.69.0 1^.614-7 
iaa.3 1^.337 
1|16.2 i|.057 
389.8 3.770 
361;.5 3.i|B9 
339.6 3.227 
313.8 2.951 
289.6 2.701 
26U.3 z.m 
2la.8 2.212 
219.0 1.980 
195.8 1.7U8 
I7k.k 1.536 
15I4..O 1.335 
13I1.5 1.138 
116.3 0.967 
99.6 0.801+ 
81+. 0 0.61+9 
69.8 0.507 
51;.l 0.363 
1^1^.3 0.265 
38.2 0.201 
29.14. 0.123 
25.9 0.092 
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Table 10a« Ytterbltun, Run 1 (Cooling) 
Temp., ®C ^ X 1(>3 Ten^ ). , ®C ill X icP 
L© I»o 
760.8 
7U6.1 
739.9 
73U.2 
732.9 
20.816 
20.517 
20.356 
20.269 
20.18U 
iai.8 
306. 
360.6 
333.7 
306.lt 
10.352 
9.568 
8.761 
7.907 
7.237 
731.3 
728.6 
718.5 
707.8 
699.0 
20.099 
19.931}. 
19.61|2 
19.14.52 
19.267 
283.2 
259.2 
235.8 
210.3 
16C.2 
6.1^82 
6.021 
5.i|.97 
U..8il9 
I1.259 
688.6 
663.1 
637.5 
615.6 
591. U 
19.00U 
10.1+7C 
17.781 
17.036 
16.217 
167.6 
127.0 
116.14. 
93.7 
3.688 
3.127 
2.625 
2.1U5 
1.701}-
568.5 
513.0 
518.0 
U.91.8 
U62.9 
15.1»38 
1U.58U 
13.757 
12.901 
11.980 
79.3 
66.7 
51.8 
ll-O.if 
29.5 
1.313 
0.973 
0.576 
0.288 
0.001 
1437.2 11.169 
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Table Itb. Ytterbixm, Hvin 2 (Warning) 
Temp., ®C ^ X ICp Temp., ®C ^ X lo3 
Lo 
211..1 
30.6 
37.8 
1|5.9 
eh'. 8 
0.010 
0.161 
0.365 
0.583 
0.852 
1432.8 
1461.0 
I1.86.8 
517.3 
514^.7 
11.286 
12.165 
12.992 
13.^67 
ll(..86l 
67.3 
60. U 
95.8 
112.8 
131.5 
1.151 
1.513 
1.927 
2.381 
2.820 
571^.lv 
603.9 
629.8 
6^)6.0 
63I+.5 
15.835 
I6.82I4. 
17.726 
16.663 
19.6014. 
151.14-
171.0 
192.1 
216.2 
2l;0.3 
3.299 
3.8-7 
il..33i> 
5.000 
5.65U 
696.3 
702.8 
709.2 
715.1 
720.2 
20.033 
20.265 
20.5141 
2C.ei42 
21.109 
267.6 
293.2 
319.9 
3149.1 
376.3 
6.369 
7.081^ 
7.828 
3.692 
9.532 
725.9 
73I4..3 
7/|9.8 
767.9 
770.9 
21.393 
21.612 
21.5^45 
21.i<96 
21.283 
ll-05.2 IO.I4I8 
